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Recently, researchers have been investigating the use of a new imaging 
modality called dedicated breast CT as a means of alleviating the problem of tissue 
superposition that comes from acquiring a two-dimensional image of a three-
dimensional object in conventional mammography.  
Several groups have investigated the optimal spectrum for this new imaging 
modality using the dose efficiency as the FOM, but results are inconsistent.  None of 
these groups have employed the use of bowtie filtration in their optimal spectrum 
studies.  Given the right design, the inclusion of bowtie filtration will lead to 
  
improved dose efficiency as well as consistency in the metric independent of position 
in a given phantom. 
Bowtie filters can improve performance in several ways, including DR 
reduction, scatter reduction, patient dose reduction, and reduction of beam-hardening 
effects. In this dissertation, three different filter types with different choices for the 
tradeoffs between the performance improvements listed above are described.  
Examples of each type of bowtie filter are created for computational and Monte Carlo 
analyses, and two designs were fabricated for experimental analysis.  Studies 
analyzing the material selection for each bowtie filter design and characterizing the 
scatter were also completed.  Verification of the performance of the designs was done 
by calculating/measuring the HVL, intensity, and µeff behind the phantom as a 
function of fan-angle.  The performance of the designs depended only weakly on 
incident spectrum and tissue composition.  With various breast diameters, the 
calculated parameters varied the most, but the variation was substantially less than the 
no-bowtie filter case.  For all designs, the DR requirement on the detector was 
reduced compared to the no-bowtie filter case.  Simulation and experimental data 
showed that the use of our bowtie filters can reduce the peripheral dose to the breast 
by 61%, and provide uniform noise and CNR distributions.   
The best performing bowtie filter design was implemented in simulation 
studies analyzing the optimal spectrum through calculation of the dose efficiency 
metric.  The results from this study show the improvement and consistency that can 
be obtained with the inclusion of the proper bowtie filter, and provide the research 
  
community with a methodology that will help lead to more consistent optimal 
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Chapter 1: Introduction 
 
The American Cancer Society estimated that over 230,000 Americans would be 
diagnosed with invasive breast cancer in 2011.  Approximately 40,000 women were 
expected to die from this disease last year, making breast cancer the second leading cause 
of cancer mortality among women.  Since research has yet to hone in on a cure for breast 
cancer, the best way to reduce mortality is to improve methods for early detection and 
treatment.   
The National Cancer Institute currently recognizes two methods for early 
detection of breast cancer: clinical examination by a physician and either digital or 
screen-film x-ray mammography.  X-ray mammography is considered the gold standard 
screening method for women and has been a major contributor to the reduced mortality 
rate over the last few decades. 1, 2  It is very useful in the detection of microcalcifications, 
which are indicative of early formation of cancer, and has fairly high spatial resolution.3  
Furthermore, with the development of digital mammography, radiologists are able to 
adjust the contrast and size of a region of interest for better visualization of suspicious 
lesions.  There is still a major limitation concerning superposition of structures in two 
dimensional images of the breast, especially for those women with greater breast 
density.4   
A typical mammogram involves two x-ray projection views when the breast is 
fully compressed in the coronal and sagittal planes.  Projecting a three-dimensional object 




they are occult or overlapping in dense breast tissue.3, 5, 6  Magnetic resonance imaging 
(MRI) of the breast is an alternate modality that has been investigated and shown to be 
able to identify the site of  primary tumors in patients suspected of having occult primary 
cancer.7  Although promising, MRI still cannot compete with mammography in terms of 
detection performance, imaging time and cost.6, 7   
The major limitation resulting from superposition of tissue in mammography 
leads to a low positive predictive value. Data show that between 70% - 90% of biopsies 
that are performed based on suspicious mammograms turn out to be negative.6  Dedicated 
breast computed tomography (CT) is an emerging technology that promises to alleviate 
the limitation of mammography caused by superposition.5, 8, 9  The three-dimensional CT 
images overcome the masking of tissue detail that results from superposition in 
conventional mammography.  These systems are designed such that the patient lies in the 
prone position on top of a table with a hole to place the breast (Figure 1.1).  The breast 
hangs in the pendant position between a flat panel detector and x-ray source that are 
housed underneath the table.  The entire imaging gantry rotates around the breast, 
generating projections from all angles that will be reconstructed into a three-dimensional 
volume.   
 
Figure 1.1: Schematic of clinical prototype dedicated breast CT scanner.10  The x-ray 





Studies have shown that dedicated breast CT has a higher contrast resolution than 
mammography, can better separate abnormalities from normal tissue, and has a high 
enough spatial resolution to visualize microcalcifications.3, 10, 11  Another advantage of 
this system design is the fact that it requires little to no compression of the breast, a 
feature that appeals to many women.10  Since dedicated breast CT requires a large 
number of projection images, there has been concern that the required dose to obtain 
reasonable image quality would be too high. However, Boone et al. demonstrated 
through simulations and cadaver experimentation that CT images of the breast could be 
acquired with equal or less dose compared to two-view mammography.8  
Given that dedicated breast CT is a new imaging technology, optimization of the 
modality has not been fully investigated.  There are several parameters that could be the 
focus of optimization studies.  Since breast tissue is highly sensitive to radiation, there is 
a need for careful consideration of the dose delivered to the breast.  High contrast and 
detectability are also desired traits of the system and demand attention when determining 
optimal parameters.  With the cone-beam geometry used in dedicated breast CT systems, 
scatter contamination is a serious issue giving rise to degraded image quality.  
Optimization of scatter reduction techniques should be considered. Also, given the recent 
advancements in photon counting detectors and their application in the dedicated breast 
CT imaging scheme12, optimization of the dynamic range seen by the detector may be of 
interest.  The optimization of the balance between image quality, hardware limitations, 





Over the last decade, research groups have focused on the issue of spectral 
optimization in dedicated breast CT5, 9, 13-15 more than any other optimization issue.  
These optimizations focus on only one aspect of image quality and the dose delivered to 
the patient.  Most of these studies used the dose efficiency (DE) metric, defined as the 
ratio of the square of the contrast-to-noise ratio (CNR) to the dose in the region-of-
interest (ROI), as the figure of merit (FOM), with each group selecting different regions 
for analysis in the respective breast models/phantoms.  Most studies used a uniform 
composition cylindrical breast phantom to perform the optimization analyses.  Despite 
the similarities in the FOM and the methodology between different studies, the results are 
not consistent.  Figure 1.2 summarizes the optimal tube voltage determined from the 
previously cited studies.  As shown in the figure, the reported optimal tube voltage ranges 
from 40 kVp to 70 kVp with different uniform filters to achieve optimal image quality 
and dose.  In addition to the inconsistent results, none of the studies looked at the DE 
metric as a function of position in the phantom.  The x-ray fluence incident on the 
detector and the lesion contrast are two of the primary factors that can affect image 
quality in dedicated breast CT.9  Given the change in path length through the cylindrical 
phantom from the center to periphery, one would expect the dose to the periphery of the 
breast phantom to be larger, and as a consequence of traveling through less tissue, the 
incident fluence upon the detector at the periphery of the phantom will be larger than at 
the center.  These variable factors may generate different results as a function of radial 
location, even while using the same spectrum and FOM, which could help to explain the 




technique to provide uniform image quality and dose would be advantageous and may 
pave the way for improved, more consistent optimal spectrum results. 
 
 
Figure 1.2: Comparison of optimal tube voltages determined by various groups  
 
 The bowtie filter is one additional component lacking in the previously discussed 
studies that may be added to the imaging scheme in dedicated breast CT to produce the 
desired uniform image quality and dose, as well as address some of the other 
optimization parameters that were not covered in the previous studies.  Figure 1.3 shows 
the top view of a dedicated breast CT system with the inclusion of a bowtie filter between 
the source and the object being imaged (breast).  Bowtie filters have become common 
place in the clinical environment for CT scanning of the abdomen, extremities, and other 
parts of the body.16  These filters can improve performance in several ways, including 
dynamic range reduction, scatter reduction, and reduction of beam-hardening effects.17-19  




determined that bowtie filters result in an overall improvement of CT number accuracy, 
skinline visualization, image uniformity, low-contrast detectability, and patient dose.19  
These results were obtained using the CatPhan 500 phantom meant to reflect the human 
torso with large variations in tissue compositions.  In dedicated breast CT, it may be 
possible to provide more exact matching to the object since the object (i.e. breast) is 
composed of soft tissue with composition variations far smaller than in conventional CT 
where the object generally contains both soft tissue and bone.  The pendant breast is also 
a fairly symmetric object, allowing for a reasonable geometric match between the object 
and the bowtie filter.   
 
  
Figure 1.3: Top-side view of a dedicated breast CT system set-up with the inclusion of a 
bowtie filter between the x-ray source and the breast. 
 
To facilitate the design of bowtie filters for dedicated breast CT, a standard breast 
can be assumed on which all of the bowtie filter designs are based.  The standard breast 
would have certain characteristics such as diameter, composition, and distance from the 




nearly impossible to match all of these design input parameters.  Therefore, evaluation of 
the efficacy of a bowtie filter with parameters that differ from that of the standard breast 
is of great importance.   
 In this dissertation, three different bowtie filter designs are presented that address 
several of the optimization parameters discussed above, and evaluated to test the 
robustness of the designs against variations in design input parameters.  Chapters 2 - 4 are 
dedicated to introducing the design concepts and implementing the designs in 
computational, simulation, and experimental environments provided an initial set of 
design input parameters.  In Chapter 2, the general computational theory describing each 
bowtie filter is discussed.  For two of the bowtie filter designs (bowtie design #1 and 
bowtie design #2), relative thickness values that determine the appropriate thickness of a 
specific material needed to accurately simulate breast tissue were computed using an 
established algorithm described in chapter 2.20, 21  A similar algorithm was also used to 
make liquid phantoms equivalent to breast tissue of varying glandularity.  To validate 
these liquid phantoms, two liquid mixtures of water, isopropyl alcohol, and glycerin were 
made to be equivalent to 25% fibroglandular/75% adipose and 50% fibroglandular/50% 
adipose breast tissue.  These liquid mixtures were analyzed using spectroscopy methods 
to determine the attenuation coefficient of the liquid mixtures and compare the results to 
breast phantom materials of known glandularity.   
In Chapter 3, initial design input parameters were defined and used to create three 
simulated bowtie filters.  The design input parameters included breast composition, breast 
diameter, source-to-filter distance (SFD), source-to-object distance (SOD), and tube 




bowtie filter.  The independence of energy is built in to the other two designs).  The 
justification for selecting the initial design input parameters and the material selection for 
each bowtie filter was discussed.  The designs were validated by computational methods 
to calculate various values of interest, such as half-value layer (HVL) behind the 
phantom, transmitted energy fluence, and effective attenuation coefficient, all as a 
function of fan-angle.  The bowtie designs were then simulated in the penEasy_Imaging 
geometry environment to collect simulated images of a cylindrical phantom with and 
without each bowtie filter.  The projection images were used in an FDK filtered 
backprojection reconstruction algorithm to create a reconstructed volume, and the 
reconstructed images were analyzed.  All calculations and analyses were repeated with 
varying design input parameters to test the robustness of the designs.  The computational 
and simulation results showed that each bowtie design achieved its design goal, and 
performed well against variations in design input parameters. 
Chapter 4 describes the simulation methodology used to analyze the bowtie filter 
designs as a function of material.  Several different materials were chosen that differ in 
their atomic number composition and density so that a comprehensive understanding of 
the behavior of a given bowtie filter design with various materials could be obtained.  
The importance and need to perform such an analysis for optimization of a given 
dedicated breast CT system is explained.  This chapter provides a way to determine the 
optimal bowtie filter design by taking into account several of the optimization issues 
previously listed above, and comparing them between different bowtie filter designs and 
within a given bowtie filter design.  The values of interest included bowtie filter design 




was investigated for each bowtie filter design as a function of material.  A more in depth 
analysis of scatter magnitude and distribution was done in Chapter 5 on the three bowtie 
filters described in Chapters 3 and 4.  The results from Chapter 4 also showcase the 
flexibility of some of the designs in tailoring a specific parameter (such as dynamic 
range) to a user-defined value.   
In Chapter 5, experimental and simulation methods were used to determine the 
scatter magnitude and distribution changes that occur with implementation of the three 
bowtie filter designs analyzed in Chapters 3 and 6.  The scatter-to-primary ratio (SPR) 
was calculated using the lead strip beam-block method to obtain values of SPR as a 
function of horizontal distance across the object FOV.  The experimental and simulation 
data were compared.  The scatter distribution was also investigated and compared 
between the no-bowtie and bowtie filter cases for each of the three bowtie filter designs.  
These same analyses were repeated in both experimental and simulation environments for 
different breast phantom diameters and tube voltages.  The results indicated that the 
addition of the bowtie filters in dedicated breast CT geometry could be used to reduce the 
scatter magnitude, and also produce a more uniform scatter distribution.  The benefits of 
achieving such reductions and uniformities in the scatter signal are also addressed.   
In Chapter 6, two of the three bowtie filter designs used for the computational 
analysis in Chapter 3 were constructed from the same specified materials, and analyzed 
experimentally.  Radiation field mapping of the field behind the phantom was performed 
to validate and evaluate the bowtie filter designs.  The RadCal AccuGold radiation 
monitoring system was used to collect simultaneous measurements of HVL and intensity 




compositions, and tube voltages.  The bench-top cone-beam CT system used to acquire 
images is also described, as well as the phantoms and bowtie filters used during 
acquisition.  Since the computational work was done assuming a scatter-free case, a 
scatter reduction technique using a tungsten plate with an array of small holes was 
applied to all projection images.  A description of this technique is covered in Chapter 6.  
Projection images were reconstructed using the same FDK filtered backprojection 
reconstruction algorithm used for the simulated images from Chapter 3.  The same 
analyses were performed on the experimental reconstructed images as were done on the 
simulated reconstruction images. 
Based on conclusions from previous chapters, one of the bowtie designs was 
implemented in a spectral optimization analysis using similar FOM’s as previously cited 
studies, namely the DE metric.  In Chapter 7, a more complete review of the spectral 
optimization studies done in dedicated breast CT is given.  Initially, computational 
analyses were done without the use of a bowtie filter in order to demonstrate the issue of 
tube loading limitations in constraining the optimal spectrum.  The results from this 
computational work highlight the importance of manufacturing an x-ray tube with the 
ability to generate sufficient fluence at lower tube voltages.  The influence of bowtie 
filtration on the uniformity of the DE metric as a function of position in the phantom and 
the magnitude of the DE metric was investigated for various tube voltages with an 
additional 0.1 mm copper filtration.  











In cone-beam CT geometries, the goal of a bowtie filter is to account for the change 
in the path length through an object as a function of the fan-angle in the xy-plane.  For 
simplification, most bowtie filters are not designed to account for the change in path 
length through an object in the cone-angle in the yz-plane.  By accounting for the varying 
path length as a function of fan-angle, it seems as if the detector has imaged a uniform, 
constant thickness object which provides the benefits of reducing the beam hardening 
artifact, dose, and scatter, as well as improving image uniformity among other benefits.17-
19  
 In on design approach, the bowtie filter would be composed of the same material 
as the object being imaged.  In body CT scans, such as abdominal or thoracic CT scans, 
this is not possible due to the large variations in the tissue composition of the region 
being imaged.  There are several different types of tissues in these regions, (i.e. bone, soft 
tissue, muscle, air), with bone exhibiting drastically different attenuation characteristics 
compared to other tissues of the body.  These regions of the body are also asymmetric.  
Most simulation studies that model the human torso or human head assume the shape of 




manufacturing companies also make this same assumption.  As the projection angle 
changes, the shape of the object will change.  This results in the bowtie filter to be valid 
only at a few projection angles, and has prompted research into dynamic bowtie filters 
that have the ability to change the bowtie filter profile as a function of view-angle.23-26 
 Compared to the problematic geometry of body and head CT scans for bowtie 
filter implementation, the configuration of the dedicated breast CT systems provides an 
ideal set-up for bowtie filters.  Since the breast is the only body region being irradiated, 
the tissue composition is much more uniform.  The two major tissues comprising the 
breast are fibroglandular and adipose,27 and these tissues are more similar in x-ray 
attenuation characteristics compared to the tissues encountered in a thoracic or head CT 
scan (Figure 2.1).  The shape of the breast in the pendant position is more symmetric, and 
will not change drastically for different view-angles.  These features of dedicated breast 
CT make this imaging modality a prime candidate for bowtie filter implementation: the 
comparatively uniform tissue composition and symmetric shape allow for the possibility 






Figure 2.1: Mass attenuation coefficients from ICRU Report 4428 for various tissues 
found in (A) body and head CT scans and (B) breast CT scans.   
 
 A few groups have designed bowtie filters for dedicated breast CT,12, 29, 30 but 
these designs have not taken full advantage of the ability to produce a more accurate 
match of the object in a readily implementable way.  One group conducted simulation 
studies using a 14-cm diameter cylindrical breast phantom with uniform breast 
composition.  The bowtie filter used was a block composed of the same breast 
composition as the cylindrical phantom with a 14-cm diameter cylinder cut out of the 
center.12  While this design would provide the exact match desired since it is made of 
breast tissue, this type of implementation would most likely be limited in its applicability 
to multiple breast diameters.  Other groups have designed bowtie filters that transmit the 
same intensity as breast tissue for 50 keV photons,29 generate a uniform dose distribution 
for a cylindrical phantom, and generate a uniform noise distribution.30   
Two of the bowtie filter designs presented in this work use the ideas of spectral 




filter materials can be classified according to their qualitative and quantitative 
equivalence to a reference material.31, 32   Two materials show quantitative equivalence 
when the same decrease in exposure is observed.  However, in general, when quantitative 
equivalence is met between two different materials, the intensity distributions are not the 
same.  Qualitative equivalence of two materials can be established if the two materials 
transmit the same relative spectral intensity such that the transmissions of the two 
materials are in the same ratio at all energies.20  It is possible to determine the thickness 
of a single material that will achieve either of these characteristics.  For the purposes of 
this work, however, the formulation to determine the thickness of a single material such 
that qualitative equivalence is achieved was used since this ensures a closer match 
between image contrast and patient dose.  The design that achieves this qualitative 
equivalence to a given breast tissue composition using a single material will be referred 
to as bowtie design #1.   
In order to achieve both quantitative and qualitative equivalence, two materials 
that each represent two independent functions are needed to simulate the spectral shape 
and intensity transmission of a reference material (i.e. breast).33  Given two materials that 
both spectrally match the breast tissue, if one material transmits more than the breast 
tissue while the other transmits less, an appropriate combination of the two materials will 
produce the same spectral shape and same transmission as the breast tissue.21  The design 
that achieves this qualitative and quantitative equivalence to breast tissue using two 
materials will be referred to as bowtie design #2.   
By varying the thickness of either bowtie design #1 or bowtie design #2, an 




calibration scan can be realized.  The bowtie filter, referred to as bowtie design #3, 
attenuates the beam such that the same effective attenuation coefficient is observed for 
every fan-angle behind the phantom.  This type of design may be clinically important for 
the improvement of tissue characterization in dedicated breast CT.  Several studies have 
investigated the measurement of breast tissue linear attenuation coefficients, with most 
findings indicating a significant difference between fibroglandular tissue and cancerous 
tissues.34-36  By eliminating beam hardening effects, accurate quantification of tissue 
components can be used to differentiate between normal and diseased lesions.37  The 
details of such a design are further presented in this chapter, as well as the details behind 
the theory of bowtie designs #1 and #2.     
 
2.2 Methods 
2.2.1 Material simulation algorithm 
 Two of the three bowtie filter designs in this work were designed using an 
algorithm detailed by Jennings.20, 21  This portion of the methods section will discuss the 
theoretical concepts used for the designs of bowtie #1 and bowtie #2.  The first part of 
this section will discuss the methods used to generate the key design parameter for the 
single material bowtie filter design #1 that matches the transmitted spectral shape of 
breast tissue.  The second part will discuss the methods used to generate the key design 
parameters for the two-material bowtie design #2 that transmits the same spectral shape 
and intensity as breast tissue.  Both of these methods use a similar algorithm.  The third 
part will discuss the spectroscopy methods used to validate the phantoms used in this 





2.2.1.1 Determination of a1 for bowtie design #1 
The algorithm used to determine the thickness of a single material that will 
produce the same spectral shape as a reference material (i.e. breast tissue) uses point-by-
point matching of the two spectra as the quality criterion.  As stated by Jennings20, there 
have been several other groups that have conducted research in the same area using the 
less strict definition of qualitative equivalence of matching the half-value layer (HVL) 
between the two materials.31, 38  The algorithm uses Eq. 2.1 as the mathematical basis for 




= 𝑒(𝜇0𝑡0−𝜇1𝑡1) = 𝐾                                                                                                        (2.1) 
 
In this equation, T0 and T1 are the transmissions of the reference material and the 
simulating material, respectively.  Also, µ0, t0 and µ1, t1 are the energy dependent linear 
attenuation coefficient and thickness of the reference material and simulating material, 
respectively.  Taking the natural logarithm and the energy derivative of each side of the 
equation, and noting that the desired condition is that K is independent of energy, the 
following relationship is established. 
















In fact, the match is not exact, K is not exactly independent of energy, and the ratio of 
thicknesses does depend on energy.  The ratio is calculated for every energy on the grid 
specified by the user and the one giving the smallest RMS error is selected. 
Putting things in to the perspective of the bowtie filter design, t1 would represent 
the thickness of a single material chosen for the bowtie filter, and t0 would represent the 
thickness of breast material.  The variable a1 was used to describe the thickness ratio of 
these two quantities.  Using these concepts, the algorithm described by Jennings follows 
the flow chart shown in Figure 2.2.    
 
 
Figure 2.2: Flow chart detailing the steps in generating the relative thickness value used 
in the computational methods for designing the single material bowtie filter that transmits 
the same spectral shape as breast tissue.   
 
The first step in the process of determining the relative thickness ratio for the 
single material design was to specify the chemical composition of the simulating material 
(bowtie filter material), the reference material (breast tissue), and the energy range of 
interest limited to the diagnostic range.  The breast tissue chemical composition was 
determined according to the data from Hammerstein et al.39  The linear attenuation 




created using the polynomial fit data from McMaster et al.40  This older data set was used 
because the representation of coefficients in the form of polynomials is convenient for 
calculating derivatives.  The goal of the algorithm was to determine the thickness ratio 
that results in the smallest transmission error between the two materials.  The thickness 
ratio was first determined for all energies in the range of interest.   Then, the 
transmissions of the simulating material and reference material (T1 and T0, respectively) 
for a given thickness ratio were calculated at each energy (E) specified by the user and 










                                                                                                  (2.3) 
 
The RMS error between the transmission of the reference material and the scaled 
transmission of the simulating material (T0Kav) was calculated for all energy points.  The 
thickness ratio value that corresponded to the Kav value that generated the smallest RMS 
error was used as a1 in subsequent calculations for the single material bowtie design #1. 
 
2.2.1.2 Determination of a1, a2 for bowtie design #2 
As stated in the previous section, it is possible to determine the thickness of a 
single simulating material that is quantitatively or qualitatively equivalent to a reference 
material.  The equation needed to be satisfied to achieve qualitative equivalence was 
defined by Eq. 2.2.  The condition for matching the quantity of radiation requires the 









                                                                                                                                       (2.4) 
 
As stated by Alvarez and Macovski33, only two independent functions are needed 
to describe the linear attenuation coefficient as a function of energy (within in the 
diagnostic range) of any material of biological interest.  Alvarez and Macovski, in their 
work on energy-selective reconstruction in CT, apply the assumption that the two 
independent functions are those which describe the photoelectric effect and the Compton 
effect.33  Similarly, a material’s attenuation coefficient can also be described as a linear 
combination of two basis materials according to Eq. 2.5.21, 41 
 
𝜇0(𝐸)𝑡0 = 𝜇1(𝐸)𝑡1 + 𝜇2(𝐸)𝑡2                                                                                      (2.5) 
 
The subscripts 1 and 2 refer to the basis materials.  These materials should be different in 
their atomic number compositions, and also differ in the photoelectric and Compton 
attenuation effects.  The algorithm by Jennings21 determines the solution to Eq. 2.4 and 
Eq. 2.2 assuming two components for the simulating material.  The solutions to those two 



















 The process of determining these solutions is similar to that described in Figure 
2.2.  The chemical composition of the simulating materials, or the basis materials, as well 
as the reference material are input into the program in order to calculate the attenuation 
coefficients for each material.  The energy range of interest is also specified.  The values 
of a1 and a2 are calculated for each energy specified in the energy range.  Using these 
values, the “effective” attenuation coefficient is calculated using a similar equation to Eq. 
2.5 and compared to the attenuation coefficient of the reference material.  The RMS error 
between these two attenuation coefficients is calculated for each energy (Figure 2.3).  
The values of a1 and a2 that yield the smallest RMS error are used in subsequent 
calculations for bowtie design #2. 
 
 
Figure 2.3: Flowchart detailing the steps in generating the thickness values (a1,a2) for 
bowtie design #2 that transmits the same spectral shape and intensity as breast tissue. 
 
2.2.1.3 Validation of phantoms 
In order to validate the liquid phantoms used in this work, two liquid mixtures of 
isopropyl alcohol, glycerin, and water were created that theoretically match the spectral 
shape and intensity of 50% fibroglandular/50% adipose breast tissue, and 25% 




optimized for low energy spectroscopy was used to collect spectra for each liquid at 25 
kVp and 35 kVp.  The liquid nitrogen cooled Ge detector (CANBERRA Industries Inc., 
Meriden, CT) had a 0.025 mm Be entrance window and 2048 channels available to bin 
the detected photons.   
In order to calibrate the channels to the corresponding photon energy, a 90.87 µCi 
Cobalt-57 radioactive source was used.  Cobalt-57 decays by electron capture into 
various excited states of the daughter nuclei.  Several of these excited states emit γ-rays 
with energies of 6.4 keV, 14.41 keV, 122.06 keV, and 136.47 keV.42  The Cobalt-57 
source was placed near the entrance window of the Ge detector, and the counts collected 
in each channel were recorded for 500 seconds.  An example of the spectrum that was 
obtained from 500 seconds of data acquisition using the Cobalt-57 source is shown in 
Figure 2.4. 
 
Figure 2.4: Calibration spectrum from Co-57 source used to determine the gain and offset 





By identifying the peaks in the acquired spectrum and associating them with their known 
energy, the gain and offset parameters were determined by using a linear fit of the data in 
the form of Eq. 2.8.   
 
𝐸𝑛𝑒𝑟𝑔𝑦 [𝑘𝑒𝑉] =  𝑂𝑓𝑓𝑠𝑒𝑡[𝑘𝑒𝑉] + 𝐺𝑎𝑖𝑛 ∗ 𝐶ℎ𝑎𝑛𝑛𝑒𝑙                                      (2.8) 
 
Figure 2.5 shows an example of the calibration curve that is used to convert the channel 
number into energy.  The green points on the line represent each of the energy peaks 
from the Cobalt-57 source. 
 
 
Figure 2.5: Calibration curve using the energy peaks from a Co-57 source.  The known 
energy of the γ-ray emission is given on the y-axis, and the corresponding channel of the 
measured peak is shown on the x-axis.  The calculated linear fit (blue line) allows for the 
conversion between channel and energy. 
 
 After calibration, data were acquired for each liquid simulating the two different 
breast compositions by putting the liquids in a small container made of PMMA and 




were acquired for 500 seconds at 25 kVp and 35 kVp with and without the breast-
simulating liquid in the container to obtain the transmitted spectrum and incident 
spectrum, respectively.  Before any calculations could be done using the incident and 
transmitted spectra, spectral corrections were made to account for K-characteristic 
photons generated as a result of photoelectric absorption in the germanium detector 
material.  If this photoelectric event occurs near the entrance surface of the detector, the 
K-characteristic photon may escape from the detector and cause the false registration of a 
lower energy photon in one of the channels.  Figure 2.6 shows two 30 kVp spectra 
collected.  The raw spectrum shows four smaller peaks near 6 keV and 10 keV that are 
the result of K-characteristic photon escape of the Ge Kβs and Kαs. To correct this, 
Monte Carlo simulations are computed to predict the probability of such events.  With 
this information, a stripping procedure can be implemented to adjust the counts in each 
bin.  The corrected spectrum shown in Figure 2.6 more accurately represents the counts 
recorded for a given energy.   
 
 





With the knowledge of the distance x-rays traveled through the PMMA container, 
the linear attenuation coefficient was calculated by applying the Beer-Lambert equation.  
The same procedure was repeated for the CIRS epoxy material that simulates 25% 
fibroglandular/75% adipose breast tissue as a reference.43  Another reference attenuation 
coefficient was calculated using the data from Hammerstein et al.39 for each breast 
composition.  All linear attenuation coefficients were plotted to compare the results. 
2.2.2 Computational design of bowtie filters 
For all three bowtie filter designs, the first step in the design process was to 
determine the parameters used to describe the breast being simulated.  For the initial 
designs, the breast was assumed to be a cylinder.  The parameters that needed to be 
specified included the diameter (d) of the breast phantom, the breast composition, the 
source-to-object distance (SOD), and the source-to-filter distance (SFD).  
 The path length as a function of fan-angle (p(θ)) from the source was determined 
by solving for the intersection between a circle described by Eq. 2.9 and a photon ray 
path described by Eq. 2.10.  In these equations, x is the horizontal distance from the 
source, y is the vertical distance from the source, and θ spans from -5.4° to 5.4° in 0.04° 
increments.    
 




− 𝑥2 + 𝑆𝑂𝐷                                                                                         (2.9) 
𝑦 =  𝑥
tan𝜃





Figure 2.7 shows a ray path at an arbitrary angle from the vertical dotted center line (0°) 
for a breast phantom 14 cm in diameter at 73.5 cm from the source.  The red dots 
represent the intersections of Eq. 2.9 and Eq. 2.10.  The distance between these two 
points for every angle is p(θ). 
 
Figure 2.7: Path of photons from the x-ray source through the breast phantom at an angle, 
θ. The green dot represents the source and the red dots represent the intersection of the 
ray and the phantom.   
 
 For bowtie designs #1 and #2, the relative thickness values of [a1]or [a1,a2], 
respectively, were used in the following equation to determine the bowtie filter thickness 
as a function of angle (tbti). 
 
𝑡𝑏𝑡𝑖(𝜃) =  �𝑑 − 𝑝(𝜃)� ∗ 𝑎𝑖                                                                                          (2.11) 
 
Here, the subscript i denotes the simulating material: for the single material bowtie design 





2.2.2.1 Bowtie design #3 
The third bowtie filter was designed by varying the thickness of the first and 
second bowtie designs such that the effective attenuation coefficient at the detector is the 
same across the object field-of-view (FOV).  The initial spectrum, I0, was a 50 kVp 
spectrum filtered with inherent filtration of 0.8 mm beryllium, 2.0 mm aluminum, and 0.1 
mm copper.  The incident intensity spectrum through the bowtie upon the breast and the 
transmitted spectrum through the bowtie and breast as a function of fan-angle were 
calculated by Eq.2.12 and 2.13, respectively.  
 
𝐼𝑏𝑡(𝜃) = 𝐼0(𝜃) ∗ 𝑒−𝜇𝑏𝑡∗𝑡𝑏𝑡3(𝜃)                                                                                      (2.12) 
𝐼𝑝ℎ𝑎𝑛(𝜃) = 𝐼𝑏𝑡(𝜃) ∗ 𝑒−𝜇𝑝ℎ𝑎𝑛∗𝑝(𝜃)                                                                                (2.13) 
 
The effective attenuation coefficient observed through the center of the breast phantom 







 ,                                                                                                   (2.14) 
 
where Ibt(0°) and Iphan(0°)are defined as the intensity spectra through the center of the 
phantom.   In order to observe the value of µeff,c at every position behind the phantom, the 
condition described by Eq.2.15 was applied and solved iteratively for the thickness of the 














The main purpose of this chapter was to elucidate the theory and design approach 
for the three different bowtie filters presented in this dissertation.  Proceeding chapters 
will define the initial parameters used to design the different bowtie filters and the 
resulting profiles of each bowtie filter type.  Therefore, the results of this chapter focus 
on the spectroscopic validation done on the liquid breast tissue samples that were made 
based on the material simulation analysis program.  Only the data for the 25% 
fibroglandular/75% adipose breast tissue simulation are presented. 
2.3.1 Material simulation algorithm output 
When all the necessary data were entered into the algorithm (chemical 
compositions, energy range, etc.), relative amounts of the different simulating materials 
to be used for the simulation of the x-ray interaction properties of the user-specified 
reference material were computed.  The output to the algorithm provides the user with a 
summary of the compositions of each simulating/reference material and the composition 
of the resulting mixture.  Table 2.1 shows an example of the output using isopropyl 
alcohol, glycerol, and water to simulate 25% fibroglandular/75% adipose breast tissue.  
The right-most column represents the chemical composition of the resulting mixture that 








Table 2.1: Output from the material simulation algorithm.  A summary of the chemical 
composition of the material being simulated (breast tissue) and the materials used to 
simulate the x-ray interaction properties of the breast tissue are shown.  The atomic 
number (Z) and the weight fraction for each material are provided.  The bottom row 
shows the density of the material. 
 
 
 The algorithm also outputs the relative volumes and masses of each simulating 
material needed to create the liquid mixture that simulates breast tissue.  For the 
simulation of 25% fibroglandular/75% adipose breast tissue, the relative volumes for 
isopropyl alcohol, glycerol, and water were 0.6382, 0.3415, and 0.0203; the relative 
masses were 0.5268, 0.4519, 0.0213, respectively.  These values were used to calculate 
the mass in grams of each material needed to create the liquid mixture. 
 Figure 2.8 shows the ratio of the calculated linear attenuation coefficient of the 
liquid mixture to the calculated linear attenuation coefficient of the 25% 
fibroglandular/75% adipose breast tissue.  The same ratio was also plotted for the scatter 
coefficient defined as the summation of the Compton and coherent scattering coefficients.  




mixture are slightly higher than the breast tissue material.  The difference between the 
two quantities remains less than 0.5% at all energies. 
 
 
Figure 2.8: Ratio of the linear attenuation coefficient and scatter coefficient for the liquid 
mixture and the reference material, 25% fibroglandular/75% adipose breast tissue.   
 
2.3.2 Calculation of linear attenuation coefficients 
The linear attenuation coefficients of the breast tissue obtained from calculations 
and from measured spectra using the CIRS epoxy phantom and the liquid mixture for 35 
kVp are shown in Figure 2.9.  At lower energies, there is approximately an 11.5% 
increase in the spectrally measured linear attenuation coefficient for the liquid mixture 
compared to the calculated linear attenuation coefficient.  However, the spectrally 
measured linear attenuation coefficient for the CIRS epoxy phantom also shows an 
increase at lower energies.  Both spectrally measured linear attenuation coefficients from 
the CIRS epoxy phantom and the liquid mixture match very well over the given energy 





Figure 2.9: Calculated (blue) and spectrally measured and fit (green and red) linear 
attenuation coefficients for 25% fibroglandular/75% adipose breast tissue, CIRS epoxy 
phantom simulating 25% fibroglandular/75% adipose breast tissue, and a liquid mixture 
simulating 25% fibroglandular/75% adipose breast tissue.  These data are from a 35 kVp 
spectrum. 
 
 The spectrally measured linear attenuation coefficients for the liquid mixture and 
the CIRS epoxy phantom were also calculated at 25 kVp.  The results shown in Figure 
2.10 indicate that the liquid mixture is able to simulate the 25% fibroglandular/75% 
adipose breast tissue independent of tube voltage.  There is a slight deviation from the 







Figure 2.10: Spectrally measured linear attenuation coefficient at 25 kVp and 35 kVp for 
the CIRS epoxy phantom and liquid mixture simulating 25% fibroglandular/75% adipose 
breast tissue.  
 
2.4 Discussion 
The framework to design bowtie filters that more accurately represent the object 
being imaged in dedicated breast CT has been presented.  Using the ideas of spectral 
matching and basis material decomposition, an algorithm was utilized to determine the 
relative thickness values needed to achieve either qualitative equivalence, or both 
qualitative and quantitative equivalence between a given breast tissue composition and 
simulating material(s).  These relative thickness values were then used in the design of 
two bowtie filters.  Another design that eliminates the need for software corrections in the 
calibration scan was presented.  In the proceeding chapters, the theoretical basis of these 
designs were tested as input parameters were defined for each bowtie filter type, and used 
to design computational and physical prototypes to verify the desired design outcomes. 
For bowtie design #1 and bowtie design #2, the material simulation algorithm 




compute the profiles of the bowtie filter designs (Eq. 2.11).  To validate this algorithm, 
spectroscopy studies were done to ensure the x-ray interaction properties could be 
accurately simulated.  Figure 2.9 shows good agreement between the linear attenuation 
coefficient determined from acquired spectra for the liquid mixture and the CIRS epoxy 
phantom, both simulating 25% fibroglandular/75% adipose breast tissue.  However, at 
lower energies, for the 35 kVp spectra, there is a small deviation from the expected 
energy dependence.  Past experience with this measurement technique has shown that 
when higher energy spectra are used for the measurement, the additional scatter 
generated by the sample shifts counts to lower energies, increasing the apparent 
transmission of the sample at these energies, and leads to a lower calculated value for the 









In breast CT, as in conventional CT, performance is enhanced by the use of 
compensating or bowtie filters.  These filters can improve performance in several ways, 
including dynamic range reduction, scatter reduction, patient dose reduction, and 
reduction of beam-hardening effects.17-19  In breast CT, it may be possible to provide 
more exact matching to the object since the object (i.e. breast) is composed of soft tissue 
with composition variations far smaller than in conventional CT where the object 
generally contains both soft tissue and bone.  The pendant breast is also a fairly 
symmetric object, allowing for a reasonable geometric match between the object and the 
bowtie filter.   
A few research groups have designed bowtie filters specific to dedicated breast 
CT.29, 30, 44  One group studied the scatter reduction and dose reduction potential of a 
bowtie design that was designed to deliver ideal beam flattening for 50 keV photons in 
50% fibroglandular breast tissue.29, 44   The results indicated the scatter-to-primary ratio 
could be reduced, and dose could be reduced by 40% with the use of this bowtie filter.  
Another group recently proposed two designs for bowtie filters in dedicated breast CT 
that create either uniform dose distribution in the breast or uniform noise distribution 




dose are substantially reduced.  In this work, we describe a design approach that can be 
used to obtain performance improvements in varying degrees, in a precise yet flexible 
manner.  The approach requires reasonably close matching of the bow tie filter to both 
the shape and the composition of the object being imaged.   
We describe three different filter types with three different choices for the 
tradeoffs between the performance improvements listed above.  Two of the three types, 
when precisely matched to the shape and composition of the object being imaged (e.g., a 
breast) produce nearly uniform spectral shape exiting the breast.  The first and simplest 
type (bowtie design #1) produces variable intensity that reduces the dynamic range 
requirements on the detector while transmitting the same spectral shape as breast tissue.   
This filter typically consists of a single material.  A second type, referred to as bowtie 
design #2, produces constant x-ray intensity in addition to the same spectral shape 
transmitted through the breast. Its design requires two different materials.  This type 
provides maximum patient dose reduction and scatter reduction.   Both of these designs 
would result in reconstructed images of the object with “capping” artifacts (inverse of 
“cupping”) due to the beam hardening in the flat field image of the bowtie filter.  
Software corrections can be applied to the flat field image to account for this beam 
hardening.45, 46  A third bowtie type, a variation on the first type, can be designed such 
that the software correction is not needed.  This bowtie design, referred to as bowtie 
design #3, requires one or more different materials and is designed to generate a constant 
effective attenuation coefficient across the field-of-view of the object.  Further details 




In this chapter, we briefly review the theoretical basis for these designs, present 
computational approaches for a simple object, and give examples of the three designs 
based on that object.  We also examine the sensitivity of the desired properties to 
mismatches between the object for which the filter was designed and the actual object 
being imaged.  In a companion paper we will report on experimental tests of this 
approach to bowtie filter design. 
3.2 Methods 
3.2.1 Phantoms 
The phantoms used in both the computational and simulation analyses were 
cylindrical, uniform composition phantoms.  The diameter and composition of the 
phantoms were varied to evaluate the bowtie filter designs. 
3.2.2 Bowtie filter design approach 
Physical implementations of bowtie filters in breast CT generally assume a fan 
beam geometry with no variation in the z-direction, so that geometry is used in the 
mathematical development.  Further details on the design approach for each bowtie filter 
can be found in Chapter 2 of this dissertation.  The approach is briefly described here.   
The first step in designing the bowtie filters was to determine the path length of 
the x-rays traveling through the phantom as a function of fan-angle, p(θ).  This was done 
by finding the intersection between an equation of a circle describing the location and 
size of the breast phantom, and an equation describing the path of photons from the x-ray 




3.2.2.1 Bowtie designs #1 and #2 
Bowtie designs #1 and #2 are based on the ideas of single material spectral 
matching and basis material decomposition.  Using algorithms described by Jennings20, 21 
that calculate 1), the quasi-optimal relative thickness value (a1) of a specific material that 
matches the shape of the transmitted spectrum, and 2), the relative thicknesses of two 
materials (a1,a2) that produce a match to the spectral shape and intensity of the 
transmitted radiation, bowtie filters that closely match the desired properties over a broad 
range of diagnostic energies were designed. Please refer to Sections 2.2.1.1 and 2.2.1.2 
for details.  The equations for the relative thickness values are given by Eq. 3.1 for 
bowtie design #1, and Eqs. 3.2 and 3.3 for bowtie design #2..  
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                                                                   (3.3) 
 
The variable t represents thickness, µ represents the attenuation coefficient and µ’ 
represents the energy derivative of the attenuation coefficient.  The subscript 0 denotes 
the reference material being simulated (i.e. breast) while the subscripts 1 and 2 denote the 
materials being used to simulate the breast.  These relative thickness values were used to 
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In these equations, tbt1 and tbt2 are the calculated thicknesses of material 1 and material 2 
as a function of fan-angle, respectively.  In the center of the bowtie filter, the thickness is 
zero since the photons are already traveling through the entire diameter of the breast 
phantom.  However, to provide stability to the filters, a constant thickness of the same 
material was added as a base.  The last terms in Eqs. 3.4 and 3.5 take into account this 
added thickness of tbase1 and tbase2 for the outer filter material and inner filter material, 
respectively, for bowtie designs #1 and #2.  For the single-material bowtie filter design 
#1, only Eq. 3.4 was used. 
3.2.2.2 Bowtie design #3 
The third bowtie filter was designed by varying the thickness of the first and 
second bowtie designs such that the effective attenuation coefficient at the detector is the 
same across the object field-of-view (FOV).  Details on this design can be found in 
Section 2.2.2.1.   
3.2.3 Material selection for bowtie designs 
 The initial bowtie designs were validated through computational modeling and 
simulations, which allowed for greater flexibility in selecting material(s) for each bowtie 
design.  The choice of material controls the distribution of energy fluence across the 
object FOV, and also affects the dose distribution.  The dimensions of the bowtie filter 




physical models: a material with a high density will produce a very small thickness 
variation that is difficult to machine, and a material with a low density will create a 
bowtie design that is inconveniently large.  With these constraints in mind, several 
different materials were chosen for the initial bowtie designs including aluminum, poly-
methyl methacrylate (PMMA), beryllium oxide (BeO) and boron carbide (B4C).  The 
chemical compositions and densities of each material are listed in Table 3.1. 
 
     Table 3.1: Chemical compositions and density of materials used in bowtie  
     filter designs 
Material Chemical Composition Density (g/ml) 
Aluminum Al 2.7 
PMMA C5O2H8 1.18 
Beryllium oxide BeO 2.5 
Boron carbide B4C 2.52 
  
 All bowtie filters were designed with a width of 8 cm.  Due to its high thermal 
conductivity and electrical insulation abilities, BeO is commonly used in high 
performance semi-conductor parts.  B4C is frequently used in tank armor and bullet proof 
vests.  However, these materials were chosen because their low atomic number 
compositions and higher densities yield a reasonably sized bowtie design.   
3.2.4 Design input parameters 
 One material selection is done,  four design input parameters determine the 
bowtie filter design according to our model: breast diameter, breast composition, SFD, 
and SOD.  The clinical work by Boone et al. showed that the average breast diameter 
from a cohort of 200 women was 14 cm, so this was the breast diameter chosen for the 




female breast to be as low as 20%47, while other studies have cited 50% as the average.5, 
13, 48  The breast composition of 40% fibroglandular/60% adipose that was used to design 
the bowtie filters described in this chapter falls in between these two values.  When 
considering the SFD, there were two important factors: the physical limitations of the 
bench-top system and the scatter contribution from the bowtie filter.  The minimum SFD 
that could be achieved with our system is approximately 10 cm.  To reduce the amount of 
scattered radiation that reaches the phantom due to the bowtie filter, the SFD should be as 
small as possible.  Also, since the same bowtie filter was used for different breast 
diameters, there needed to be enough space to translate the bowtie filters along the 
source-to-detector axis.  Based on these considerations, a SFD of 16.25 cm was chosen in 
the computational modeling of the bowtie filters.  The SOD was chosen to be 73.5 cm to 
mimic existing dedicated breast CT systems and geometries employed in other studies.10, 
14  A summary of the initial design input parameters is shown in Table 3.2. 
 
           Table 3.2: Initial design parameters for three bowtie filter designs 
Design parameter Value 
Breast diameter 14 cm 
Breast composition 40/60 
SFD 16.25 cm 
SOD 73.5 cm 
 
3.2.5 Bowtie filter designs 
 Taking into account the bowtie filter material and the initial design input 
parameters, a bowtie filter of each type was computationally realized.  Figure 3.1 shows 




bowtie design #2, and PMMA for bowtie design #3, respectively.  In these plots, the 
cone-beam x-ray source would be located at the point (0,-16.25).   
 
 
Figure 3.1: Cross-section views of the bowtie filter designs using (A) aluminum for 
bowtie design #1, (B) BeO/B4C for bowtie design #2, and (C) PMMA for bowtie design 
#3. 
 
3.2.6 Computational and simulation analyses 
 To validate and evaluate the bowtie filter designs, two separate methods were 
employed.  A deterministic computational method was used to verify the x-ray behavior, 
and test it against variations in design input parameters.  Calculated values of HVL, 
intensity, and effective attenuation coefficient as a function of fan-angle for various 
diameters and breast compositions were obtained with and without each bowtie filter.  A 
stochastic Monte Carlo simulation method was used to further validate and evaluate the 
designs.  Using simulated projection images, reconstructed volumes were obtained and 
used in the calculation of parameters such as noise uniformity, CNR homogeneity, line 






3.3.1 Computational analyses 
With the angular information about the thickness variation of the bowtie filter 
material(s), the designs can be deterministically validated and analyzed for robustness 
against variation in design input parameters.  Using IPEM Report 78 spectra as input, the 
incident fluence upon the breast and the transmitted fluence through the breast can be 
obtained and used to generate values of HVL, energy fluence, and effective attenuation 
coefficient as a function of fan-angle, θ.  The elemental attenuation data from XCOM49 
were used to calculate linear attenuation coefficients of the breast and bowtie filter 
materials according to the sum rule.  Breast tissue composition was calculated using data 
from Hammerstein et al.39  The energy fluence, Eflu, through the breast was calculated 
according to the following equation: 
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−�𝜇𝑏𝑡∗𝑡𝑏𝑡(𝜃)+𝜇𝑝ℎ𝑎𝑛∗𝑝(𝜃)� ∗ 𝜀(𝐸) ∗ 𝛿(𝐸) 𝑑𝐸                                 (3.6) 
 
The energy fluence was used as a reasonable approximation to the detector 
response.  In this model, the detector efficiency ε(E) = 1, and the detector response δ(E) = 
E to mimic the behavior of energy integrating detectors.  The effective attenuation 













 The HVL, energy fluence, and effective attenuation coefficient were calculated 
using the initial design input parameters (Table 3.2) to validate the bowtie filter designs.  
Corresponding values were also calculated without the bowtie filter.  To test the 
robustness of the designs, various tube voltages, breast compositions and breast diameters 
were investigated to determine the effect on the design outcome for each bowtie filter.  It 
was assumed that, for practical reasons, only a single bowtie filter would be used in a 
clinical machine.  Using the bowtie filters that were designed for a 14 cm, 40/60 breast at 
50 kVp, breast diameters of 10 cm, 14 cm,and 18 cm, breast compositions of 25/75, 
40/60, and 75/25, and different  tube voltages between 40-60 kVp in 10 kVp increments 
were used in the computation of HVL, energy fluence, and effective attenuation 
coefficient.  Since the same bowtie designs were used in the evaluation of the design 
outcome with various parameters, the SFD was adjusted such that the edges of the bowtie 
filter matched with the x-ray path that was tangent to the periphery of the breast phantom 
when performing calculations for the 10 cm and 18 cm breast phantoms.  All calculations 
were performed assuming a scatter-free case. 
 
 
3.3.1.2 Computational validation 
Figure 3.2 shows the calculated HVL and normalized energy fluence as a function 
of fan-angle with and without an aluminum bowtie of design #1 for a 14-cm diameter 
phantom with 40% fibroglandular/60% adipose composition at 50 kVp.  The 0° angle is 
the x-ray beam that travels through the center of the phantom.  With the inclusion of the 




the energy fluence as a function of angle is not constant, but the variation from the central 
ray is substantially decreased with the inclusion of the bowtie filter.  
 
 
Figure 3.2: Calculated HVL (A) and energy fluence (B) as a function of fan angle with 
and without bowtie filter design #1. 
 
 Figure 3.3 shows similar plots for the BeO/B4C bowtie design #2 for a 14-cm 
diameter phantom with 40% fibroglandular/60% adipose composition at 50 kVp.  This 
design is meant to transmit the same spectrum and intensity as the breast tissue it 
replaces.  The calculated HVL is kept nearly constant across the phantom FOV compared 
to the no-bowtie filter case, and the energy fluence calculated at the detector is 






Figure 3.3: Calculated HVL (A) and energy fluence (B) as a function of fan angle with 
and without bowtie filter design #2. 
 
The HVL and energy fluence were also plotted against fan-angle for bowtie 
design #3 (PMMA).  Although this design is not expected to generate HVL or energy 
fluence values independent of fan-angle, the results show that the percent change in HVL 
from center to periphery is decreased from 24% to 11% with the inclusion of bowtie 
design #3 (Figure 3.4A).  The dynamic range requirement is also decreased compared to 
the no-bowtie filter case (Figure 3.4B). 
 
 
Figure 3.4: Calculated HVL (A) and energy fluence (B) as a fuction of fan-angle with and 





 The plots of the calculated effective attenuation coefficient for all bowtie designs 
and the no-bowtie filter case are shown in Figure 3.5.  Without the bowtie filter, there is 
an 8% increase in the value of the µeff from the center to periphery.  This change in µeff 
would manifest as cupping artifacts in reconstructed images without additional 
corrections.  Bowtie designs #1 and #2 produce variations across the phantom FOV that 
shows a 2.7% and 3.8% decrease in the µeff from the center to the periphery, respectively.  
While the use of bowtie designs #1 and #2 reduces the variation of the effective 
attenuation coefficient across the object FOV, there would still need to be an additional 
software correction applied to the calibration images to eliminate this variation that 
would be presented as capping in a reconstructed image.  When bowtie design #3 is used 
in the computation, the calculated µeff at the detector is constant at all angles. 
 
Figure 3.5: Calculated effective attenuation coefficient for all bowtie filters and the no-
bowtie filter case.  
 
3.3.1.2 Computational evaluation 
The following set of figures shows the variation in the calculated values when 




calculated HVL with breast composition, breast diameter, and tube voltage when using 
bowtie design #1 made of aluminum.   
 
 
Figure 3.6: Calculated HVL for (A) various breast compositions, (B) various breast 
diameters, and (C) various tube voltages. 
 
When using bowtie design #1 (Al) with different breast compositions and 
diameters, there is less than a 4% change in calculated HVL from the center to the 
periphery.  The variation in the calculated HVL is less than 1% for tube voltages between 
40 kVp and 60 kVp, showing the robustness of the design.  Similar plots for bowtie 
design #2 (BeO/B4C) show the calculated HVL and energy fluence as a function of angle 






Figure 3.7: Calculated HVL and energy fluence for various breast compositions, breast 
diameters, and tube voltages for bowtie design #2 (BeO/B4C).  Plots (A) – (C) show the 
calculated HVL and (D) – (F) show the calculated energy fluence. 
 
 
There is less than a 5.5% variation in the calculated HVL using bowtie design #2 
(BeO/B4C) for different breast compositions and diameters.  Again, there is less than a 
1% variation in the calculated HVL and energy fluence as functions of angle for different 
tube voltages between 40 kVp and 60 kVp.  The transmitted energy fluence varies much 
more with different breast compositions and diameters with a maximum percent change 
of 50% from center to periphery occurring with a 10-cm diameter breast phantom.  This 
value is to be compared to an energy fluence variation from center to periphery of 1400% 
with no bowtie filter.   
 The µeff as a function of angle for various breast compositions, diameters, and 




robust against non-ideal design parameters: the µeff varies by less than 1.5% with 
different compositions, diameters and tube voltages used.  
 
 
Figure 3.8: Calculated effective attenuation coefficient across object FOV for (A) various 
breast compositions, (B) various breast diameters, and (C) various tube voltages using 
bowtie design #3 (PMMA). 
3.3.2 Monte Carlo validation and evaluation 
The Monte Carlo x-ray transport simulation tool PENELOPE50 with the 
penEasy_Imaging program51 was used to obtain projection images of cylindrical breast 
phantoms.  The bowtie filters were also modeled in the simulation environment using 
quadric geometry.  A single parabola could not capture the unique curvature of the 
bowtie filters, so multiple parabolas were fit to multiple segments of the bowtie filters.   
For each projection image, 1010 histories were simulated using a message passing 
interface (MPI) code implemented on a 207 node cluster.  Each simulated projection 
image took approximately 500 seconds to simulate.  PENELOPE separates the images 
into primary + scatter radiation and primary radiation.  Since the computational analyses 
assume a scatter-free case, the primary images were used in the subsequent analyses.  The 
resulting simulated images were fed into a filtered-backprojection reconstruction 
algorithm.52, 53  These reconstructed images were used to look at the line profile for each 




homogeneity in the image with and without the bowtie filter.  Dose distribution maps in 
the radial direction were also obtained with and without the bowtie filters. 
 The assumptions used in the computational analyses of the bowtie designs were 
translated into the simulation set-up.  The bowtie shapes were placed a distance of 16.25 
cm from the x-ray source with a 14 cm-diameter cylindrical tube made of PMMA placed 
at the isocenter 73.5 cm away from the x-ray source.  The cylindrical tube was 24 cm in 
height and had inner and outer diameters of 13.4 and 14 cm, respectively.  The tube was 
filled with a uniform 40/60 breast composition material.  The ideal detector with a matrix 
of 1536 x 2048 pixels and pixel pitch of 194 µm was placed 98.5 cm away from the x-ray 
source, which gives a magnification of about 1.3, similar to previous simulation and 
experimental studies.5, 54  Figure 3.9 shows the simulation set-up with a bowtie filter.   
 
 
Figure 3.9: Breast CT simulation set-up. 
 
The collimation was determined such that the largest breast diameter of 18 cm 
would be contained in the FOV.  The fan-angle (spanning horizontally relative to the 
detector) and cone-angle (spanning vertically relative to the detector) for the simulations 




tungsten anode tube was filtered with 0.8 mm beryllium, 2 mm aluminum, and 0.1 mm 
copper and used as the input spectrum. 
 
 
3.3.2.1 Dose distribution 
PENELOPE allows the user to specify the location and size of cylindrical bins to 
be used in the dose distribution analysis.  Since we assumed no variation in the z-
direction of the phantom or bowtie filter, only the radial dose distribution was 
investigated.  Radial bins were defined every 0.15 cm from the center of the phantom to 
approximately 0.5 cm outside of the phantom.  The dose to each bin was given in 
eV/g/history.   The results shown here are normalized to the dose deposited in the center 
of the phantom to yield arbitrary units of dose for the 14-cm diameter phantom with a 
40% fibroglandular/60%adipose composition at 50 kVp (Figure 3.10).  Each plot shows 
the bowtie filter case and the no bowtie filter case.  
 With all three investigated bowtie filters, the dose is reduced at the periphery of 
the phantom.  The distribution of the dose from center to periphery is also more uniform 
with the use of the bowtie filters.  Using bowtie design #1 (Al) and design #3 (PMMA), 
there is a 28.2% and 24.1% reduction, respectively, in the dose at the periphery.  The 
dose reduction at the periphery is even more pronounced with bowtie design #2 
(BeO/B4C).  Using this bowtie design, the dose profile is nearly flat and yields a 61.9% 







Figure 3.10: Dose profile from center to periphery of cylindrical phantom for all bowtie 
filter and no bowtie filter cases. Normalized dose for the 14-cm phantom at 50 kVp using 
bowtie design #1 (A), bowtie design #2 (B), and bowtie design #3 (C). 
 
Compared to previous reports on peripheral dose reductions with the use of 
bowtie filters, the results are very similar.  Lück et al. determined an approximate 50% 
dose reduction at the periphery of a cylindrical phantom with the use of a bowtie filter 
designed to provide a uniform noise distribution.30   
 
 
3.3.2.2 Line Profiles 
The line profile through the center of the central reconstructed slice was plotted.  
The central image was convolved with a smoothing kernel in order to reduce the amount 
of variation in the line profile.  These line profiles were normalized to the maximum 
value which occurs at the periphery of the phantom.  Figure 3.11 shows the line profile 
for all bowtie filter designs and the corresponding no-bowtie filter case for a 10-cm breast 





Figure 3.11: Line profiles through the center of the 10-cm phantom, plotted for bowtie 








With bowtie design #1 (Al) and bowtie design #2 (BeO/B4C), the capping artifact 
that was seen in the computational analysis is seen in the reconstructed images.  These 
line profiles become flat once an additional software correction is done to the flat-field 
image to correct for the beam hardening.  The bottom plot of Figure 3.11 shows the line 
profile through the reconstructed central slice using bowtie design #3 (PMMA).  As 
predicted by the computational results, the line profile through the slice is flat with no 
corrections to the flat field image.  Similar results are seen for the 14-cm breast phantom 













Figure 3.12: Line profiles through 14-cm 
breast phantom with and without bowtie 
design #1 (Al) (top), bowtie design #2 
(BeO/B4C) (center), and bowtie design 
#3 (PMMA) (bottom).                                             
 
                                                                                                                                      
Figure 3.13: Line profiles through 18-cm 
breast phantom with and without bowtie 
design #1 (Al) (top), bowtie design #2 
(BeO/B4C) (center), and bowtie design 





 When comparing the line profiles for bowtie design #1 and bowtie design #2 
over all breast diameters, the degree of capping decreases as the breast phantom 
diameter increases.  This is due to the fact that the same bowtie filter designed for the 
14-cm diameter phantom is used for each breast diameter by varying the SFD.  The 
14-cm bowtie designs slightly overcompensate for the change in path length through 
the 10-cm phantom, which produces more beam hardening in the flat field image.  
This leads to more of a capping artifact compared to the 14-cm phantom line profiles.  
The opposite is true of the 18-cm phantom.  The bowtie design slightly 
undercompensates for the change in path length, so less beam hardening is occurring 
in the flat-field image which results in a reduced capping artifact compared to the 14-
cm phantom case.  For all breast diameters, bowtie design #3 produces a nearly flat 
line profile. 
 
3.3.2.3 Noise uniformity index 
The noise uniformity was calculated using five different volumes-of-interest 
(VOI).  The percent difference between the center VOI and four peripheral VOI’s was 
calculated using the equation for noise uniformity index described in Eq. 3.8.30, 55   
 




∗ 1004𝑛=1                                                                (3.8) 
 
Figure 3.14 shows the placement of the VOI’s on a single slice for the cylindrical 





Figure 3.14: Placement of the VOI in the uniform composition breast phantom to 
calculate the noise uniformity index. 
 
 The results are shown in Figure 3.15.  Each plot shows the noise uniformity 
index for the bowtie filter cases and no-bowtie filter cases for a given breast diameter.   
 
 
Figure 3.15: Noise uniformity index for all bowtie filter designs and no bowtie filter 
cases for three breast diameters.  The bowtie and no bowtie case for all three bowtie 
filters is shown in each plot for breast diameters of (A) 10 cm, (B) 14 cm, and (C) 18 
cm.   
 
 Non-uniformity in the noise without a bowtie filter arises from the variation in 
photon fluence that hits the detector.  In the center, where the path length through the 
cylindrical object is greatest, the noise is increased due to a lower photon fluence.  At 




photon fluence.  The black line at UI = 0 in each plot in Figure 16 is included as a 
visual reference. This is the desired case: the closer the points are to this line, the 
better the noise uniformity.  Since bowtie design #2 (BeO/B4C) simulates both the 
spectrum and intensity of breast tissue, it was expected that this design would show 
the most improvement in the noise UI.  As shown in Figure 3.15B and 3.15C, this is 
the case for the 14-cm phantom and 18-cm phantom.  The noise UI using bowtie 
design #2 for the 10-cm phantom is worse compared to the no bowtie filter case.  The 
noise UI improves by approximately 5% using bowtie designs #1 (Al) and #3 
(PMMA) for all breast phantom diameters.  
 The clinical importance of noise uniformity in low contrast detectability has 
been demonstrated through experimental and simulation work.56-58  A few groups 
have designed bowtie filters for breast CT with the aim to achieve uniform noise 
distribution.30, 59  These results indicate that noise uniformity can be achieved in 
addition to uniformity of other important characteristics, such as dose distribution and 
energy fluence. 
 
3.3.2.4 CNR homogeneity  
To evaluate the CNR homogeneity with and without the bowtie filters, the 
uniform phantom described above was modified to include four 7-mm diameter 
cylindrical inserts of 100% glandular breast composition placed from the center to the 
periphery of the phantom.  Another set of projection images was acquired for each 
bowtie filter design.  300 projection images were acquired over 360° with a degree 




previously described.53  Four other regions the same radial distance away from the 
center were used to calculate the noise in the CNR calculation.  The CNR as a 




Figure 3.16: CNR values normalized to the innermost contrast insert value for three 
different bowtie filters.  These data points were calculated for the 14-cm diameter 
phantom at 50 kVp.   The results are shown for (A) bowtie design #1 (Al), (B) bowtie 
design #2 (BeO/B4C), and (C) bowtie design #3 (PMMA) with the respective no-
bowtie filter cases. 
 
Without the bowtie filter, the CNR increases by about 30% from center to 




CNR only increases about 10% from center to periphery.  Bowtie design #2 maintains 
roughly the same CNR at all radial distances. 
 
3.4 Discussion 
 All bowtie filter designs showed robustness against non-ideal design input 
parameters such as variations in breast composition, diameter, and tube voltage.  The 
designs were most robust against variations in tube voltage.  Since the design 
approaches were based on spectral matching, the design outcome was not limited to a 
specific energy, but applicable over a large energy range for diagnostics energies.  
Even if the same analyses were completed outside the specified energy range, the 
expectation of independence from tube voltage would still hold.  Given the variability 
in the suggested optimal tube voltage for dedicated breast CT,5, 6, 13, 14, 60 the use of a 
bowtie filter independent of tube voltage is desirable.  
 Among the input parameters tested, the bowtie designs were the least robust 
against variation in breast diameter.  Varying the SFD such that the periphery of the 
bowtie filter matched with the ray that was tangent to the periphery of the breast 
phantom may not be the most appropriate placement method.  The bowtie designs 
were designed for the 14-cm breast phantom.  As mentioned in the results section, 
using this bowtie design with a 10-cm phantom means that the bowtie filter is 
overcompensating and attenuating the x-rays more than what is required.  By moving 
the filter closer to the source, the same ray that is tangent to the breast phantom will 
travel through less material since the bowtie filters get thinner toward the center.  




and measuring the noise UI and dose reduction. 30  Their results showed the optimal 
SFD for various breast diameters could be determined to achieve uniform noise and 
dose reductions up to 30%.  The bowtie designs in the present study have other design 
goals besides dose reduction and noise uniformity (i.e. constant energy fluence, HVL, 
effective attenuation coefficient), so a more comprehensive study of all the 
parameters would need to be done to determine the optimal SFD for different breast 
diameters.  Even with this optimization of filter placement, the fact that various sizes 
of bowtie filters for varying breast diameters may produce better results in terms of 
image quality and dose to the patient cannot be ignored.  Just as body CT scans utilize 
different size bowtie filters when imaging patients of different sizes,61, 62 breast CT 
may be optimized by employing two or three different size filters to cover the range 
of breast diameters seen in the clinic. 
 Using the bowtie filters designed for the 14-cm breast phantom to analyze the 
noise uniformity for a 10-cm breast phantom may also help to explain why the UI 
using bowtie design #2 is worse than the no-bowtie filter case.  The 14-cm bowtie 
filter design is thicker toward the periphery than is required for the 10-cm phantom, 
which causes more photons to be attenuated than necessary.  The decrease in photon 
fluence toward the periphery causes an increase in the noise, leading to the +15% 
noise uniformity index.   
 The dose reduction achieved with bowtie design #1 (Al) and bowtie design #3 
(PMMA) was similar to results seen in previous studies.29, 30  The largest peripheral 
dose reduction of approximately 60% was seen with bowtie design #2 (BeO/B4C).  




This was the expected result since the two-material design is able to accurately 
represent the attenuation characteristics of breast tissue in terms of intensity and 
spectrum.  With this bowtie filter, it appears as if we have imaged a uniform block in 
the projection view.  This can be seen by looking at the projection views of the 14-cm 
phantom using all three bowtie filters (Figure 3.17).  The edges of the phantom can 
easily be seen near pixels 100 and 1050 in the x-direction with bowtie designs #1 and 
#3 projection views (Figure 3.17A, 3.17C).  With bowtie design #2, the signal 
intensity beyond the phantom is similar to the signal intensity within the phantom 
since the bowtie filter accurately represents the attenuation characteristics of breast 
tissue (keeping in mind the fact that the bowtie filters are extended to a length of 80 
mm) (Figure 3.17B). 
 
Figure 3.17: Projection views of the 14-cm phantom with (A) bowtie design #1, (B) 
bowtie design #2, and (C) bowtie design #3.  Due to the extension of the bowtie filter 
at the maximum thickness, the signal intensity in the projection view beyond the 
phantom for bowtie design #2 is the same as the intensity within the phantom.  This is 
another validation of the bowtie filter design. 
 
 From looking at the projection views with the three different bowtie filters, 
one important design flaw was revealed.  In Figure 3.17B, there are two distinct lines 




design #2 projection images because of the reasons discussed above.  The bowtie 
filters are designed with sharp edges toward the periphery.  This sharp edge is most 
likely the cause of the artifact seen in the projection images.  Redesigning the bowtie 
filter such that the edges are rounded may alleviate this problem.   
 The CNR variation from center to periphery was calculated to be as large as 
30% without the use of a bowtie filter.  With the inclusion of bowtie design #2 
(BeO/B4C), there was less than a 5% variation in the CNR from center to periphery.  
Similar results were seen from Lück et al.30 
 The bowtie filter materials used in this study were chosen based on practical 
considerations.  Aluminum and PMMA are readily available, which makes 
manufacturing of the bowtie filters for experimental comparisons possible, and the 
materials provide appropriately sized filters such that they may fit into existing 
scanners.  Although these materials provide reasonable results, they may not be the 
optimal materials.  One characteristic of the bowtie filters is the ability to decrease the 
dynamic range requirement on the detector.  The selection of material will change the 
dynamic range.  With bowtie design #3, for example, two materials can be used.  The 
ratio of thicknesses between those two materials will control the dynamic range.  This 
type of control over the dynamic range may be beneficial for systems using photon 
counting detectors.  12, 45, 46 
 The goal of this study was to introduce three new bowtie filter designs, 
validate the designs through computational and simulation analyses, and perform 
some initial evaluation of the designs with non-ideal design input parameters.  Future 




various breast diameters (which will also change depending on the material selected), 
as well as the design of an anthropomorphic bowtie filter to take into account the 




Chapter 4:  Computational and simulation analysis of materials 




Over the last several years, research groups have been investigating a new 
imaging modality for breast cancer detection called dedicated breast CT.5, 6, 8, 13, 14  
Dedicated breast CT provides better low contrast detectability and improved breast 
lesion location than conventional digital/screen-film mammography while 
maintaining similar dose to the breast as two-view mammography.10, 63, 64  Since the 
shape of the breast is relatively symmetric and the tissue composition is more 
homogeneous compared to other regions of the body, dedicated breast CT may permit 
the design of bowtie filters that compensate for the variations in the object being 
imaged in a more detailed fashion than is the case with bowtie filters in conventional 
CT.   
 Several groups have suggested the use of a bowtie filter in dedicated breast 
CT due to its ability to reduce the dose to the patient, reduce the scattered radiation at 
the detector, and reduce the dynamic range requirement on the detector. 12, 29, 30  Our 
group has designed three different types of bowtie filters that can mimic certain x-ray 
characteristics of breast tissue or produce a constant effective attenuation coefficient 




basis material decomposition to match either the transmitted spectral shape of breast 
tissue using a single material design or to match both the transmitted spectral shape 
and intensity of transmitted radiation through the breast using a two material design.  
Bowtie design #3 produces the same effective attenuation coefficient at the detector.  
Experiments and simulations to evaluate and validate each of the bowtie filter designs 
are ongoing.  Initial results indicate that the bowtie filters accomplish the desired 
result.66 
 In the previous evaluation of these three bowtie filter designs, only one bowtie 
filter was modeled for each design type.  Bowtie design #1 was modeled using 
aluminum, bowtie design #2 was modeled using beryllium oxide/boron carbide, and 
bowtie design #3 was modeled using PMMA.  The selection of the material is 
important for each design type.  Ideally, the material would be higher in density and 
lower in atomic number composition so that the size of the bowtie filter is not so 
small that it cannot be manufactured, but not so large that it will not be able to fit into 
existing scanners.  There are also several other considerations to take into account 
when selecting the material for a given bowtie design such as the resulting dynamic 
range requirement on the detector, the fluence distribution across the object FOV, the 
dose distribution throughout the object, and the scatter.  Different materials will affect 
these parameters in different ways.  We describe here a methodology for analyzing 
the effects on these parameters of choosing different bowtie filter materials for each 
bowtie design. 
  One of the advantages of bowtie filter implementation is the reduction of the 




fluence at the detector. 16, 19, 61  These traits are especially important given the recent 
technological advancements in the development of energy resolved detectors.  
Several groups have developed and investigated the use of photon counting detectors 
in general purpose CT and x-ray (XR) imaging. 46, 67-70 Most of these detector 
technologies are still in the developmental stage for  CT and XR imaging, but due to 
the size, shape and general uniformity of the breast, some detector technologies are 
applicable to breast CT.12, 30, 71, 72  Regardless of the application, these photon 
counting detectors suffer from pulse pile-up due to high fluence rates that can degrade 
energy resolution and require the dynamic range to be lower than normal energy 
integrating detectors.46, 67, 68  The selection of the materials in the three proposed 
designs will vary the dynamic range requirement on the detector and also the flux 
rates, so incorporating the dynamic range and fluence distribution as parameters of 
interest when analyzing different materials for our bowtie filter designs is necessary. 
 Dedicated breast CT has several advantages over mammography, one being 
that the dose delivered to the breast is more spatially uniform.8, 73  Studies have also 
shown that with the inclusion of a bowtie filter in dedicated breast CT, the dose 
distribution can be even more spatially invariant due to the reduction of fluence at the 
periphery of the breast.30  However, since the fluence distribution will vary depending 
on the material selection for each bowtie design, the dose distribution as a function of 
radius of the breast will also vary with the material.  To ensure that the selected 
material for a given bowtie filter design achieves the desired goal of uniform dose 




 Since dedicated breast CT employs a cone-beam geometry, scattered radiation 
can contribute a substantial amount of noise in the images.  Bowtie filters are also 
used to reduce the amount of scattered radiation at the detector. 74-77 Bowtie filters 
made of different materials will vary in their shape/thickness, and also vary in the 
scatter cross-section.  A certain material may be more likely to cause scattered 
radiation within the bowtie filter itself, so an analysis of how the scatter is affected 
with various materials of our bowtie designs needs to be done. 
 A few other research groups have developed bowtie filters specifically for 
dedicated breast CT.29, 30  Kwan et al. created a bowtie filter made of Teflon that 
accurately transmits the same intensity as 50% fibroglandular/50% adipose breast 
tissue for photons at 50 keV.29  Lück et al. designed two different bowtie filters that 
focus on uniform dose distribution and noise distribution, respectively.30  Four 
different materials were used in the design of those bowtie filters: Teflon, aluminum, 
carbon, and copper.  As mentioned previously, the new bowtie designs used in this 
study have not undergone a thorough material analysis to determine how the dynamic 
range, dose, noise, and scatter are affected.  The goal of this study is to develop a 
methodology to analyze our bowtie designs with different materials to help determine 
the best material and design to be used. 
 
4.2 Methods 
4.2.1 Over view of bowtie filter design approach 
The bowtie filter designs have been previously described in Chapter 3, Section 




in this material analysis study is the added thickness base: for the material analysis 
study, no added thickness base was used. 
4.2.2 Computational analysis 
Using Matlab programming, the computational environment was created to 
mimic the dedicated breast CT geometry.  A 14-cm diameter phantom was used with 
a breast composition of 40% fibroglandular/60% adipose.  The source-to-filter (SFD) 
and source-to-object (SOD) distances were 16.25 cm and 73.5 cm, respectively.  
Table 4.1 summarizes the parameters used in the computational analysis. 
 
           Table 4.1: Initial design parameters for three bowtie filter designs 
Design parameter Value 
Breast diameter 14 cm 
Breast composition 40/60 
SFD 16.25 cm 
SOD 73.5 cm 
 
 IPEM Report 78 spectra were manipulated according to Eq. 10 and 11 to 
generate transmitted spectra as a function of energy and fan-angle, and values of 
energy fluence as a function of fan-angle.  The fan-angle variable (θ) spanned from -
5.44° to +5.44° with an increment of 0.04°.  In these equations, the incident spectrum 
(I0) was the same as described above.  The linear attenuation coefficient of the bowtie 
material and phantom material are µbt and µphan, respectively.  The pathlengths a 
given photon at angle θ would need to travel through the bowtie filter material and the 
phantom are given by tbt and p, respectively.  With these variables, the transmitted 
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4.2.3 Simulation analysis 
Using the Monte Carlo x-ray transport code PENELOPE50 with the 
penEasy_Imaging main program51, representations of each of the bowtie filters were 
created and inserted into the dedicated breast CT simulation environment.  The same 
parameters that were applied to the computational environment in Table 4.1 were 
used in the simulation geometry.  The detector used in the simulations was an ideal 
detector with 1536 x 2048 pixels covering a detector FOV of 30 cm x 40 cm.  The 
pixel pitch was 0.194 mm.  The fan-angle and cone-angle were 12.58° and 18.58°, 
respectively.  These parameters allowed complete coverage of a 14-cm diameter 
cylindrical phantom that was approximately 24 cm in height.  The phantom consisted 
of a hollow PMMA cylinder with 3 mm wall thickness that was filled with a liquid 
matching the attenuation properties of 40/60 breast tissue material as defined by the 
composition data of Hammerstein et al.39  The x-ray tube, phantom, and detector were 
placed so that the projection of the focal spot through the center of the phantom 
coincided with the center of the detector.  Figure 4.1 shows the simulation set-up with 






Figure 4.1: Breast CT simulation set-up. 
 
 With 1010 photons simulated per projection, 300 projection images were 
acquired over 360° for each bowtie filter and a no-bowtie filter case.  These images 
were used in a Feldkamp, Davis and Kress filtered backprojection reconstruction 
algorithm to obtain a reconstructed volume.52, 53  The noise uniformity was calculated 
using five different volumes-of-interest (VOI).  The percent difference between a 
center VOI and four peripheral VOI’s was calculated and then averaged according to 
the equation for noise uniformity index described in Eq. 4.3.30, 55   
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 PENELOPE allows the user to specify the location and size of cylindrical bins 
to be used in the dose distribution analysis.  Since there is no variation in the z-
direction of the phantom or bowtie filter, only the radial dose distribution was 




to approximately 0.5 cm outside of the phantom.  The dose to each bin was given in 
eV/g/history. 
 PENELOPE also is able to separate primary photons hitting the detector from 
scattered photons.  Using these data, the spatially dependent SPR can be calculated 
for each bowtie filter and the no-bowtie filter case using a method similar to that 
described in Kwan et al.29  A small rectangular region of dimensions 1536 x 50 pixels 
spanning the center of the scatter image horizontally was divided into several sub-
regions.  The same sub-regions were defined in the primary-only images.  The pixel 
values in each sub-region of the scatter image were averaged, and divided by the 
average value of the pixels in the corresponding sub-region in the primary-only image 
to obtain the SPR as a function of horizontal distance across the object FOV.  This 
was repeated for all 300 projection images, and the results were averaged to obtain 
the SPR with associated error.   
4.3 Results 
4.3.1 Bowtie filter designs 
When determining the shape of the bowtie filter for designs #1 and #2, 
thickness ratios were mathematically determined according to Eqs. 3.1-3.3.  The 








Table 4.2: Thickness ratio calculated for all investigated materials for bowtie design 
#1.  The name of the material and the chemical composition is given in the first 
column. 
Material Calculated a1 
Aluminum (Al) 0.051 
Boron Carbide (B4C) 1.15 
Beryllium Oxide (BeO) 0.28 
Copper (Cu) 0.00147 
Polyethylene (C2H4) 1.825 
PMMA (C5H8O2) 0.645 
Teflon (C2F4) 0.24 
 
 Since seven materials were initially investigated in this study, there were 21 
possible combinations for the two-material bowtie design #2 filter assuming that the 
order of the materials did not matter and the same material could not be used twice in 
the same design.  For several of the possible combinations, the algorithm computed a 
negative value for one of the materials in order to achieve the design outcome of 
transmitting the same spectral shape and intensity as breast tissue.  While this is a 
perfectly reasonable result from a mathematical standpoint, physical implementation 
is impossible.  Therefore, only 12 possible combinations were investigated for bowtie 












Table 4.3: Thickness ratios for bowtie design #2 materials. 
Material 1 
(Outer filter) 
Material 2 (Inner 
filter) 
Calculated a1 Calculated a2 
Boron Carbide Copper 0.4519 0.0008 
Boron Carbide Aluminum 0.4317 0.0274 
Boron Carbide Teflon 0.313 0.1625 
Beryllium Oxide Boron Carbide 0.29 0.11 
Polyethylene Copper 0.9958 0.0007 
Polyethylene Aluminum 0.9496 0.024 
Polyethylene Beryllium Oxide 0.3247 0.253 
Polyethylene  Teflon 0.313 0.1625 
PMMA Copper 0.75 0.0002 
PMMA Aluminum 0.8348 0.0053 
PMMA Beryllium Oxide 0.5852 0.1151 
PMMA Teflon 0.7775 0.0412 
 
 The bowtie filters were created in Matlab.  To compare the size and shape of 
each bowtie filter, the cross-section profile was plotted in the following figures.  The 
profiles for the possible combinations for bowtie design #2 were split into three 
different plots for easier viewing (Figure 4.3).  The profile above the line y = 0 
represents material 1 listed first in the legend entry.  The profile below the line y = 0 







Figure 4.2: Cross-section profile of bowtie design #1 materials using seven different 
investigated materials.   
 
 The material that creates the thickest bowtie filter design for bowtie design #1 
is polyethylene.  At the maximum thickness, the polyethylene bowtie filter is 23.01 
cm.  The low atomic compositions makes polyethylene a good material for the bowtie 
filter designs, but the lower density of 0.94 g/ml requires the filter thickness to be 
very large in order to achieve the bowtie filter design goal.  On the other hand, copper 
creates the thinnest bowtie filter design with a maximum thickness of 0.01853 cm.  
The higher atomic number and higher density of 9.8 g/ml of copper require the 
bowtie filter to be very thin.  There are a few materials that combine the ideal 
characteristics of low atomic composition and high density to create bowtie filter that 
are reasonable in size.  Aluminum, for example, has a maximum thickness of 0.6429 
cm.  Beryllium oxide and Teflon both have similar shapes for bowtie design #1, with 
a maximum thickness of 3.53 cm and 3.026 cm, respectively.   
 The filter shapes for bowtie design #2 also vary depending on the two 




bowtie design #2 produces a very thin filter thickness due to the higher atomic 
composition and high density of copper.  The combination of PMMA and aluminum 
also requires a very thin filter thickness of aluminum.  All other material 
combinations, however, produce machine - feasible designs, meaning it is possible to 
manufacture the bowtie filter shapes.  Again, the bowtie filters for design #2 that use 
polyethylene have a larger maximum thickness compared to other material 
combinations, which would make implementation of this design difficult in existing 






Figure 4.3: Cross section profile of bowtie design #2.  The profiles of the 12 possible 
combinations from the seven materials being investigated were plotted in three 
different plots for easier viewing.  Each bowtie filter combination is listed as a legend 
entry.  The first material in the legend entry is plotted as a colored line above y = 0.  








Figure 4.4: Cross section profile for bowtie design #3 using seven different 
investigated materials. 
 
 Similar design results are seen for bowtie deign #3 using all materials (Figure 
4.4).  Polyethylene creates the largest thickness while copper creates the smallest 
thickness filter.  The maximum thickness of the largest filter for bowtie design #3 is 
less than half of the maximum thickness of the largest filter for bowtie design #1. 
 
4.3.2 Dynamic range calculations 
The energy fluence was calculated as a function of fan-angle for all materials 
and all three different bowtie filter designs to examine the reduction in the dynamic 
range requirement.  Figure 4.5 shows these data compared to the no-bowtie filter 
case.   
 The dynamic range is defined as the ratio between the largest value of energy 
fluence and the smallest value of energy fluence.  Without a bowtie filter, the 




use of any bowtie filter material reduces the dynamic range.  The greatest reduction 
for bowtie design #1 is seen when using BeO.  The dynamic range is approximately 
1.77 when using this filter material and design.  For bowtie filter design #3, the 





Figure 4.5: Energy fluence as a function of fan-angle plotted for three different 
bowtie filters using different materials to examine the dynamic range requirement.  
These plots show the energy fluence after the photons have traveled through the 
bowtie filter and the phantom. (A) Bowtie design #1 energy fluence for all materials. 
(B) Bowtie design #2 energy fluence for all different possible material combinations.  






 Another benefit to these bowtie filter designs is the ability to tailor the 
dynamic range.  By adding another material to bowtie design #1 or bowtie design #3, 
the dynamic range can be specified while still maintaining the desired outcome of 
each respective bowtie filter.  Figure 4.6 shows the energy fluence as a function of 
angle, θ, for bowtie design #3 made of PMMA and polyethylene.  The dynamic 
ranges were calculated to be 7.84 and 2.50 for the PMMA and polyethylene bowtie 
design #3 filters, respectively.  If it was desirable to achieve a dynamic range between 
those two values, combining the two materials in the appropriate ratios could achieve 
such a goal while still keeping the effective attenuation coefficient constant.  By 
taking a fraction of the full bowtie thickness of the PMMA bowtie filter for bowtie 
design #3, the thickness of polyethylene needed to satisfy the design constraint in Eq. 
3.9 can be iteratively determined.  Depending on the fraction of the PMMA bowtie 
design #3 used, the resulting two-material design using PMMA and polyethylene can 
have a dynamic range between 2.50 and 7.84.  In this example, 15% of the original 
PMMA bowtie design #3 was used, resulting in a maximum thickness of 5.5 cm of 





Figure 4.6: Demonstration of the flexibility of bowtie design #3 in specifying the 
dynamic range.  The calculated energy fluence for bowtie design #3 made of PMMA 
and polyethylene as a function of fan-angle are shown, as well as the achieved 
dynamic range with the combination of PMMA and polyethylene.  The numbers next 
to each line show the dynamic range. 
 
4.2.3 Dose distribution 
The dose distribution as a function of radial distance from the center was 
calculated for all three bowtie filter types and all different materials.  The results in 
Figure 4.7 show the dose normalized to the dose at the center of the phantom.  Since 
the cylindrical phantom that is modeled in PENELOPE contains a finite thickness of 
PMMA surrounding the breast tissue material, there is a sharp drop off that is seen 
between r = 6.15 and 6.3 cm.  
With the inclusion of the bowtie filters, the peripheral dose is decreased for all 
bowtie filter types and all different materials compared to the no-bowtie filter case.  
When using bowtie design #2, the dose distribution is nearly uniform for all material 
combinations (Figure 4.7B).  A uniform dose distribution was also obtained using 




bowtie design #1 made of BeO had less than a 3% change in the dose from center to 
periphery and bowtie design #3 made of B4C had less than a 2% change in the dose 
from center to periphery.    The bowtie design and material that produced the greatest 
change in dose compared to the no-bowtie filter case was bowtie design #1 made of 
B4C.  The dose decreased as a function of radial distance from the center of the 
phantom, leading to a maximum dose reduction of 54% at the periphery. 
 
Figure 4.7: Dose distributions as a function of radial distance from the center of the 
phantom for (A) bowtie design #1, (B) bowtie design #2, and (C) bowtie design #3, 
using various materials.  The y-axis is the dose normalized by the dose value at the 
center of the phantom. 
 
4.3.4 Noise uniformity 
The noise uniformity index (UI) was calculated using the reconstructed 
images from the primary-only simulation projection images.  A positive value means 
that the noise at the periphery of the phantom was higher than the noise at the center.  
A negative value means that the noise at the periphery was less than the noise at the 
center.  The results are shown in Figure 4.8.  The black line at UI = 0 in each plot in 
Figure 4.8 is included as a visual reference. This is the desired case: the closer the 






Figure 4.8: Noise uniformity index for (A) bowtie design #1, (B) bowtie design #2, 
and (C) bowtie design #3 with various materials.   
 
 Bowtie design #2 yields a noise UI very close to the line UI = 0, meaning 
there is the least amount of noise variation from the center to periphery when using 
this particular design regardless of the chosen materials.  The noise UI comes very 
close to zero for other bowtie filer designs as well.  Bowtie design #1 made of BeO, 
for example, yields a noise UI of -0.57%.  Bowtie design #3 made of B4C yields a 
noise UI of 1.99%.   
 Most of the chosen materials for each different bowtie design show an 
improvement in the noise UI compared to the no-bowtie filter case which varies by -
14%.  There are a few cases that show degradation in the noise UI for bowtie designs 
#1 and #3, however.  Bowtie designs #1 made of B4C and polyethylene show an 
increase in the noise UI from the no-bowtie filter case.  Bowtie design #3 made of 
copper also shows an increase in the noise UI compared to the no-bowtie filter case. 
 
4.3.5 Scatter 
The SPR was calculated for each bowtie filter type with each different 




horizontal distance across the phantom.  The line x = 0 corresponds to the center of 
the phantom.  The no-bowtie filter case is shown for each different bowtie filter type.  
The associated error with the scatter calculations was less than 1x10-2, so the error 
bars in the following plots were omitted. 
   
 
Figure 4.9: SPR calculated from simulated projection data for (A) bowtie design #1, 
(B) bowtie design #2, and (C) bowtie design #3 for various materials.   
 
With the inclusion of any bowtie filter type made of any of the materials used 
in this study, the SPR is reduced at the center of the phantom.  A maximum decrease 
in the SPR of 51%  at the center of the phantom was obtained using bowtie design #1 
made of B4C compared to the no-bowtie filter case (Figure 4.9A).  However, this 
same bowtie filter yields very large SPR values toward the periphery of the phantom.  
To examine this further, the averaged scatter and primary pixel intensity values from 
the simulated projection images that were used to compute the SPR were plotted for 
all bowtie filter materials of design #1 and the no-bowtie filter case.  Figure 4.10A 
shows that the scatter signal for each bowtie filter material has the same general 
shape, with the maximum scatter signal at the center of the phantom.  The primary 
signals shown in figure 4.10B, however, are not the same for all materials.  B4C and 




other materials show an increase in the primary signal.  Given the results in figure 
4.5A showing the decrease in energy fluence as a function of fan-angle for bowtie 
design #1 made of B4C and polyethylene, this result is expected. 
 
Figure 4.10: Scatter and primary signal from simulated projection images using 
various materials for bowtie design #1.  (A) The averaged scatter signal over all 
projection images as a function of horizontal distance across the phantom for different 
materials.  (B) The averaged primary signal over all projection images as a function 




The development of dedicated breast CT systems that incorporate an energy-
resolved detector in the imaging chain30 is at an early stage, but as the technology 
improves, more dedicated breast CT systems may employ this feature due to its many 
advantages.  With the advances in energy-resolved detector technology comes the 
need to control certain aspects of the incident beam upon the detector, such as the 
fluence distribution.   One way to achieve this control is through the use of bowtie 




detectors due to their ability to reduce dose to the patient, reduce scatter, and improve 
noise uniformity.  Three different types of bowtie filters have been designed to 
achieve the previously mentioned goals, but each design outcome will vary depending 
on the material of the bowtie filter.  The goal of this work was to evaluate each 
bowtie filter design using different materials to get an idea of what kinds of materials 
provide the best results in terms of energy fluence distribution, dose reduction, scatter 
reduction, and noise uniformity. 
 For some of the materials chosen, the bowtie thickness is required to be very 
large to achieve the design goal.  The thickest bowtie filter design was design #1 
made of polyethylene.  The maximum thickness was about 23 cm.  Implementation of 
a bowtie filter of this size would be difficult in the existing scanner geometries.  The 
smallest bowtie filter thickness of 0.018 cm resulted from bowtie design #1 made of 
copper.  Accurate manufacturing of this design would also be very difficult, given the 
size.  The performance of bowtie filters made of these materials was poor in some 
areas compared to other materials.  For example, bowtie designs #1 and #3 made of 
copper had very poor dose distributions compared to the results obtained from other 
materials (Figures 4.7A and 4.7C).  Also, the noise UI for bowtie design #1  made of 
polyethylene was worse than the noise UI for the no-bowtie filter case (Figure 4.8A).  
Materials with either very large or small atomic number compositions and very high 
or low densities are not suitable as materials with the specific bowtie designs used in 
this study. 
 Bowtie design #2 is meant to transmit the same spectrum and intensity as 




distribution, uniform dose distribution, and spatially uniform noise.  This design does 
require two materials that can be somewhat bulky.  From the results presented in this 
study, there exists the possibility of selecting a material for bowtie designs #1 and #3 
(both single material designs) that achieve the same design goals as the two-material 
bowtie design #2.  Bowtie design #1 made of BeO and bowtie design #3 made of B4C 
both achieve an energy fluence distribution that is nearly independent of fan-angle 
(Figure 4.5A and 4.5C).  In looking at the bowtie filter profiles in Figure 4.2 and 
Figure 4.4, the sizes of both of these filters are reasonable for manufacturing purposes 
and implementation in existing scanners.   
 The noise UI was improved for nearly all bowtie filter types and materials.  
For bowtie design #2, all material combinations generated reconstructed images with 
noise uniformity better than the no-bowtie filter case.  For bowtie design #1, all 
materials except for B4C and polyethylene gave better results than the no-bowtie filter 
case.  B4C and polyethylene yielded a noise UI of 41% and 19%, respectively.  These 
results can be explained by looking at the energy fluence as a function of fan-angle 
for bowtie design #1 (Figure 4.5A).  The energy fluence decreases with increasing 
fan-angle for those two materials, which means there are fewer photons hitting the 
phantom and detector at the periphery.  This causes the noise level to increase in a 
non-linear fashion at the periphery.  The percent change in energy fluence from the 
center to periphery was -96.7% for bowtie design #1 made of B4C and -84.2% for 
bowtie design #1 made of polyethylene.  Due to the larger negative percent change in 




 The ability of the bowtie filter to reduce the scattered radiation incident upon 
the detector is shown from the results in Figure 4.9 and Figure 4.10A.  The selection 
of material and design has a large effect on the amount of scatter reduction that can be 
obtained.  Depending on how the bowtie filter distributes the energy fluence across 
the phantom, the SPR could suffer.  All materials for bowtie design #2 yielded a 
nearly uniform SPR as a function of horizontal distance across the phantom since this 
bowtie design generates a uniform fluence distribution.  With certain materials used 
in bowtie design #1, however, the SPR increased rapidly toward the periphery of the 
phantom.  In terms of scatter reduction and uniform SPR distribution, materials with 
characteristics similar to BeO and PMMA would work well when implementing 
bowtie designs #1 and #3.   
 These bowtie filters are designed for a specific breast that is 14 cm in diameter 
and contains 40% fibroglandular/60% adipose breast tissue.  Since women being 
imaged with breast CT will present with breasts of different shapes and compositions, 
the ability to design a bowtie filter that achieves all the desired design goals and is 
also specific to the patient would be desirable.  Any of these bowtie designs can be 
generated for different breast diameters and compositions.  One can imagine a 
situation where the patient comes in to a clinic for breast imaging and undergoes a 
scout scan to obtain necessary dimensions of the breast and some information about 
the breast density that will be used as input to design a bowtie filter.  This design 
could then be fed into a 3D printing machine to create a patient-specific bowtie filter.  
The materials available for use in current 3D printing machines are limited, but 




dose distribution, noise uniformity, and scatter reduction would be a step forward 















Chapter 5:  Characterization of scatter magnitude and 
distribution in dedicated breast CT with bowtie filters 
 
5.1 Introduction 
The majority of the dedicated breast CT systems undergoing clinical 
evaluation employ a cone-beam configuration.   Several investigators have 
characterized scatter in clinical cone-beam CT imaging and have concluded that 
scatter contributes to image artifacts (such as cupping), increases noise, and 
decreases the contrast-to-noise ratio (CNR). 78, 79  Given the unique features of 
dedicated breast CT, the conclusions from studies on general cone-beam CT imaging 
may not be applicable, so that further investigation is needed.  A few groups have 
done such an investigation by looking at the scatter-to-primary ratio (SPR) and 
scatter profile for different breast compositions, breast diameters, air gap distances, 
and tube voltages in dedicated breast CT. 29, 77, 80  These studies found that tube 
voltage and breast composition had little impact on SPR values.  Breast diameter and 
air gap were the most significant parameters impacting SPR.  It was also concluded 
that the best way to reduce the SPR in the center of the phantom is through the use of 
a compensator filter, or bowtie filter. 29   
Bowtie filters are designed to deliver a more uniform fluence at the detector 
in order to reduce the dynamic range requirement on the detector, preferentially 
harden the x-ray beam, and reduce the dose to the patient.12, 17, 19 These types of 




achieve the goal of reducing the dynamic range in the radiation intensity reaching 
the detector by acting as a complement or inverse of the patient, i.e., where the ray 
path through the patient is highly attenuating, the bowtie filter has low attenuation, 
and vice versa.  Due to the lack of symmetry of the human body and to the large 
differences in attenuation properties of bone and soft tissue, it is not feasible to 
design bowtie filters that compensate for the patient in a detailed fashion.  In 
dedicated breast CT systems, however, only the breast is irradiated.  Given the 
homogeneity of the tissue in the breast and its symmetry, a bowtie filter that more 
precisely compensates for the x-ray characteristics of the breast can be designed.   
Our group has designed three different types of bowtie filters that can match 
certain x-ray characteristics of breast tissue or produce a constant effective 
attenuation coefficient at the detector.65  Bowtie designs that we have previously 
referred to as #1 and #2 use the ideas of spectral matching and basis material 
decomposition to match either the transmitted spectral shape of breast tissue using a 
single material, or to match both the transmitted spectral shape and intensity of 
transmitted radiation through the breast using two materials.  For this study, bowtie 
design #1 was made of aluminum and bowtie design #2 was made of beryllium 
oxide (BeO) and boron carbide (B4C).  Bowtie design #3, which produces the same 
effective attenuation coefficient at the detector, was made of 
polymethylmethacrylate (PMMA).  Experiments and simulations to evaluate and 
validate each of the bowtie filter designs are ongoing.  Initial experimental and 
computational results indicate that the bowtie filters accomplish the desired result 




Given the degrading effects of scatter in cone-beam CT images, it is 
important to understand the consequences and advantages of integrating these bowtie 
filters into the dedicated breast CT imaging scheme.  Several studies have examined 
the effect of bowtie filters on the distribution and magnitude of x-ray scatter in 
general cone-beam CT.74, 75, 81  Results from one study in cone-beam CT using a 
copper bowtie filter show that the scatter signal is significantly diminished and the 
horizontal scatter profile is flattened out. 74  The decrease in the structure of the 
spatial distribution of the scatter caused by the bowtie filter may be beneficial in 
certain scatter techniques where the scatter is assumed to be contained primarily in 
the low-frequency portion of the projection images. 74  This report describes our 





Hollow cylindrical breast phantoms constructed of PMMA82 were filled with  
a liquid simulating the x-ray characteristics of 40% glandular/60% adipose 
composition breast tissue.21  Research has shown the average fibroglandular 
percentage of the female breast to be as low as 20%47, while other studies have cited 
50% as the average.5, 13, 48  The breast composition of 40% fibroglandular/60% 
adipose that was used to design the bowtie filters described in this paper falls in 
between these two values.  The clinical work by Boone et al. showed that 95% of the 




approximately 10 cm and 18 cm, with the average breast diameter being 14 cm.44  
For this reason, the bowtie filters were designed for a 14-cm diameter cylindrical 
phantom, and three phantoms were used with outer diameters of 10 cm, 14 cm, and 
18 cm and a PMMA wall thickness of 0.3 cm.   
 
5.2.1.2 Simulations 
Since the liquid mixture used in the physical phantom matched the x-ray 
characteristics of a breast with composition based on the Hammerstein data to within 
0.5% in the energy range of interest20, 21, 83, the phantoms in the simulation were 
modeled in PENELOPE using the breast composition data from Hammerstein et al.39  
The 0.3 cm PMMA shell was also modeled in the simulation geometry.  The x-ray 
source, phantom, and detector were positioned such that the projection of the focal 
spot through the center of the phantom coincided with the center of the detector. 
 
5.2.2 Bowtie filters 
The choice of material for each bowtie filter was based upon the availability 
and the ease of fabrication of the given material.  The beam-hardening properties and 
densities of the materials affect the size and shape of the resulting filters.  In order to 
design a filter that is not too large to fit into clinical scanners or too small to 
manufacture, a material composed of relatively low atomic number elements and 
having a high density is desired.  Aluminum and PMMA are two materials that 




both the experimental and simulation analyses.  Figure 5.1 shows images of bowtie 
design #1 (Al) and bowtie design #3 (PMMA) that were studied experimentally.   
 
 
Figure 5.1: Images of the two bowtie filters used for experimental analysis of scatter 
in dedicated breast CT.  (Left) Bowtie design #1 made of aluminum that transmits 
the same quality of radiation as breast tissue.  (Right) Bowtie design #3 made of 
PMMA that yields the same effective attenuation coefficient at the detector. 
 
 Bowtie design #2 was computationally modeled using BeO and B4C.  These 
materials are commercially available but quite expensive and also require specialized 
fabrication techniques, so an experimental version was not made. These materials 
were considered because their low atomic number compositions and higher densities 
resulted in reasonably sized filters that could be implemented experimentally in the 
future.  For this study, the two-material bowtie design #2 filter made of BeO/B4C 
was only implemented in simulations.  Figure 5.2B shows the cross section profile of 
this bowtie filter.  The cross section for bowtie designs #1 and #3 are shown in 





Figure 5.2: Cross-section views of the bowtie filter designs using (A) aluminum for 
bowtie design #1, (B) BeO/B4C for bowtie design #2, and (C) PMMA for bowtie 
design #3. 
 
5.2.3 Dedicated breast CT system 
5.2.3.1 Experimental set-up 
During a dedicated breast CT scan, the patient lies in the prone position with 
their breast hanging through a hole in the patient support couch as the x-ray tube and 
detector assembly rotate around the pendant breast.  Our laboratory simulator of this 
configuration84 uses a Varian G1582-BI rotating tungsten anode x-ray tube and 
Varian PaxScan 4030CB detector with 0.194 mm pixel pitch.  Cylindrical phantoms 
are placed on a rotation stage in the x-ray field.  The source-to-object distance 
(SOD) and source-to-detector distance (SDD) were held constant for all experiments 
at 73.5 cm and 98.5 cm, respectively.  
The bowtie filter designs of all three types were based on the 14 cm phantom.  
This was based on the assumption that only a single bowtie would be employed in a 
clinical system.  For the 10 and 18 cm phantoms, the source-to-filter distance (SFD) 
was changed so that the projection of the edges of the bowtie filter matched up with 
the projection of the periphery of the breast phantom.  Table 5.1 shows the SFDs for 





Table 5.1: SFD for three different breast diameters 
 
 
5.2.3.2 Simulation set-up 
The simulation geometry was designed to match the experimental conditions 
so that a direct comparison between the SPR measurements could be made.  The half 
cone-angle and fan-angle of the x-ray beam used in the simulation were 9.29° and 
8.29°, respectively, to irradiate the entire breast phantom for all diameters. Just as in 
the experimental conditions, the bowtie SFD was adjusted depending on the diameter 
of the breast phantom.  The Monte Carlo simulations used the PENELOPE code50 
with the penEasy_Imaging main program.51  This program uses quadrics to represent 
the geometry in the simulation.  A single parabola could not capture the unique 
curvature of the bowtie filters, so multiple parabolas were fit to multiple segments of 
the bowtie filter.  For each projection image, 1010 histories were simulated using a 
message passing interface (MPI) code implemented on a 207 node cluster.  Each 





5.2.4 X-ray source spectrum 
Our computational analysis of the optimal tube voltage for dedicated breast 
CT indicates that lower tube voltages will provide the best contrast-to-noise ratio 
while also maintaining appropriate dose levels. 85  The Varian G-1582BI x-ray tube, 
in combination with our CPI Indico x-ray generator has a lower kVp limit of 40; 
therefore, tube voltages of 40 kVp, 50 kVp, and 60 kVp were investigated 
experimentally.  In the simulations, a tube voltage of 30 kVp was also investigated 
since tube output was not an issue.    Starting spectra were taken from IPEM Report 
78 assuming a 10° tungsten anode for each tube voltage (Figure 5.3).  Each simulated 
spectrum was filtered with 0.8 mm of beryllium and 1 mm of aluminum to match the 










5.2.5 SPR and scatter distribution 
The SPR was experimentally measured in the x-direction using the lead strip 
beam block method.29, 86, 87  Since the initial bowtie filters are not designed to account 
for variations in the z-direction, only the SPR in the x-direction was measured.  A 
rectangular lead strip with dimensions 2 mm x 250 mm x 3 mm thick was sandwiched 
between two thin sheets of PMMA, and placed in the x-ray beam between the bowtie 
filter and phantom (Figure 5.4). 
 
Figure 5.4: Experimental projection image using the lead strip beam block method. 
 
 
Two sets of images were acquired: one with the lead strip and one without the lead 
strip.  These projection images were dark-field corrected, and regions of interest 
(ROI) in the projection of the lead beam block in both images were averaged and 
analyzed to determine the SPR as a function of distance across the detector according 







                                                                                            (5.1) 
 
In this equation, x is the horizontal distance across the detector, 𝜉S is the gray-scale 
pixel value of the beam block projection image, and 𝜉P+S is the gray-scale pixel value 
of the primary + scatter image without the beam block. 
 The Monte Carlo code PENELOPE is capable of generating images without 
scatter, with scatter, and also images from individual types of scatter events (i.e. 
Compton, Rayleigh, etc.).  Using these images, the SPR can easily be calculated over 
the detector FOV.  To match the experimental methodologies, however, a lead beam 
block strip with the same dimensions as the strip used experimentally was included in 
the geometry of the simulation in the x-direction.  The SPR was then calculated 
according to Eq. 5.1, using the same size ROI’s.    
Information on the scatter distribution was obtained using the simulation 
images.  Bootsma et al. introduced a scatter ratio relationship that helps to highlight 
subtleties in the scatter signal that might otherwise be overwhelmed by the primary 
signal in the SPR.74  The scatter-to-open-field center pixel ratio (SOCR) looks at the 
ratio of the scatter only signal (S) and the central pixel value in the flat-field image 
(𝐼𝑜𝑝𝑒𝑛0 ) where no object attenuation occurs (Eq. 5.2).    To compute this ratio, the 
scatter signal image was re-binned from a 1536 x 2048 image to a 48 x 64 image. In 
Eq. 5.2, x’ and y’ represent the bin number of the re-binned images. 
 
𝑆𝑂𝐶𝑅(𝑥′, 𝑦′) = 𝑆�𝑥
′,𝑦′�
𝐼𝑜𝑝𝑒𝑛0





The ratio was computed for all diameter phantoms for all three bowtie filters and no-
bowtie filter cases for the 50 kVp simulation.  The resulting bowtie/no bowtie images 




5.3.1 SPR dependency on tube voltage 
 The SPR was calculated for three different tube voltages in the experiments, 
and for four different tube voltages in the simulations.  Figure 5.5 shows the 
experimental SPR values obtained with the 10 cm breast phantom with and without 
bowtie design #1 and bowtie design #3. The 10 cm phantom results were used 
because the limits of the tube output did not allow for accurate SPR measurements 






Figure 5.5: Experimental SPR values for various tube voltages using (A) no-bowtie 
filter, (B) bowtie design #1 and (C) bowtie design #3. 
 
Figure 5.6 shows the SPR calculations from the simulated images for the 10 cm 







Figure 5.6: SPR calculations from simulated images for various tube voltages using 
(A) no-bowtie filter, (B) bowtie design #1 (Al), (C) bowtie design #2 (BeO/B4C), 
and (D) bowtie design #3 (PMMA). 
 
 
The experimental and simulation results both show that for higher tube 
voltages, the SPR does not drastically change.  However, as the tube voltage 
decreases, the SPR tends to increase.  This same trend was seen in the experimental 
and simulation work characterizing the scatter in dedicated breast CT by Chen et 
al.80  With the use of the bowtie filters, the SPR can be decreased even with the 




center of the phantom (x = 0) with no bowtie filter to the center SPR value (at x = 0) 
with the three different bowtie filters from the simulation data.  The greatest 
reduction in the SPR value was obtained at the lower tube voltages. The center SPR 
value was reduced the most with the use of bowtie design #2 (BeO/B4C) for all tube 




Figure 5.7: Calculated percent change from center SPR value (at x = 0) with no-
bowtie filter and center SPR value with bowtie filter for various tube voltages. 
 
5.3.2 SPR dependency on breast diameter 
The bowtie filters are designed for a specific breast diameter.  From initial 
computational results analyzing the robustness of the bowtie filter designs, breast 
diameter did not change the desired result greatly.  The following plots show how 
the SPR is affected by varying breast diameters with the use of the three bowtie 
filters.   
 Figure 5.8 shows the SPR calculated through experimental images and 




50 kVp.  There is no physical prototype of bowtie design #2 (BeO/B4C) so only 
simulation data are available. The experimental and simulation data match for the 
larger diameter breast phantoms, but deviate slightly for the 10 cm phantom.  For 
each breast diameter, the use of the bowtie filter decreases the SPR value at the 
center, and also flattens the SPR value in the x-direction direction.  
 Bowtie designs #1 (Al) and #3 (PMMA) both exhibit similar behavior for all 
three breast diameters.  According to the simulation data, the overall magnitude of 
the scatter (maximum in the SPR curve) is decreased for each breast diameter by an 
average of approximately 18% by these two bowtie filter designs.   







Figure 5.8: SPR value for various diameter phantoms using (A-C) bowtie design #1 
(Al), (D-F) bowtie design # 2 (BeO/B4C) and (G-I) bowtie design #3 (PMMA).  
Both experimental and simulation values of SPR are shown at a tube voltage of 50 
kVp. 
 
The largest reduction in SPR of approximately 35% comes from using bowtie 
design #2 (BeO/B4C).  For this bowtie design, the SPR as a function of distance 
across the detector is nearly flat for the 14-cm phantom.  With the 10-cm phantom, 
bowtie design #2 produces cupping in the SPR compared to the 14-cm plot: the 
lowest value is located in the center while the edges of the phantom exhibit large 




scatter properties in dedicated breast CT.29  The bowtie filter used in the Kwan study 
was made of Teflon (C2F4) and designed for a 14-cm cylindrical phantom made of 
50% fibroglandular/50% adipose composition at 80 kVp.   Their results show the 
SPR at the center of the 10-cm phantom to be approximately 0.23, increasing to a 
value of approximately 0.6 at the periphery.  The results in the present study show an 
SPR value of 0.28 at the center of the 10-cm phantom and approximately 0.7 at the 
periphery.  With the larger breast diameter, bowtie design #2 causes capping in the 
SPR compared to the 14-cm plot.  Again, this same result is seen in Kwan et al.   
 Lück et al.  recently reported on the effects of bowtie filtration on image 
quality and dose in dedicated breast CT.30  This simulation study included the 
characterization of scatter with bowtie filters for different breast diameters.  Figure 
5.9 shows the center SPR value for each breast diameter and bowtie filter in the 
present study as well as the values obtained by Lück et al.  The central SPR values 
are in fairly good agreement.  The same general trend is seen with the central SPR 
values calculated using the three bowtie filter designs in this study compared to the 
bowtie design from Lück et al.  A direct comparison is difficult to do, however, 






Figure 5.9: Comparison of central SPR values obtained in the present study and 
those values obtained from Lück et al (2013).  The central SPR value for the 
simulation data were plotted for each bowtie filter type and breast diameter. 
 
5.3.3 Scatter distribution 
Using the ratio given by Eq. 5.2, the effect of the bowtie filter on the 
distribution of scatter was analyzed.  Each bowtie filter contains a constant thickness 
base of 0.35 cm of the bowtie material(s).  This base thickness was included in the 
no-bowtie configurations, so the no-bowtie filter case for the scatter distribution was 
different for each bowtie filter.  Figures 5.10-5.12 show the scatter distribution for 10 
cm, 14 cm, and 18 cm diameter phantoms at 50 kVp.  The left column shows the no-
bowtie filter case with the added thickness base of each bowtie filter material.  The 
right column shows the scatter distribution with the bowtie filter.  For each phantom 
diameter, the images are on the same scale so that the difference between the 
bowtie/no-bowtie distributions can easily be seen, and a comparison between the 





Figure 5.10: Scatter distribution using the SOCR metric for the three bowtie filter 
types using a 10 cm diameter breast phantom and a tube voltage of 50 kVp.  A, C, E 
show the scatter distributions with no-bowtie filter, but include the constant thickness 
base from the bowtie filter so that a valid comparison between the two cases can be 
made. The variables x’ and y’ represent the bin number of the re-binned scatter image 






Figure 5.11: Scatter distribution using the SOCR metric for the three bowtie filter 
types using a 14 cm diameter breast phantom and a tube voltage of 50 kVp.  A, C, E 
show the scatter distributions with no-bowtie filter, but include the constant thickness 
base from the bowtie filter so that a valid comparison between the two cases can be 
made. The variables x’ and y’ represent the bin number of the re-binned scatter image 





Figure 5.12: Scatter distribution using the SOCR metric for the three bowtie filter 
types using a 18 cm diameter breast phantom and a tube voltage of 50 kVp.  A, C, E 
show the scatter distributions with no-bowtie filter, but include the constant thickness 
base from the bowtie filter so that a valid comparison between the two cases can be 
made. The variables x’ and y’ represent the bin number of the re-binned scatter image 







 The scatter distributions are very similar for the no-bowtie filter cases for a 
given breast diameter.  With these plots, it is easy to see the reduction in the 
magnitude of the scatter signal for all three bowtie types.  The greatest reduction in 
the scatter magnitude can be seen using bowtie design #2, as was indicated with the 
SPR measurements.  As the breast phantom diameter is increased, the structure in 
the scatter distribution plots also increases with the no-bowtie filter case.  With the 
inclusion of the bowtie filters, It can be seen that the distributions of the scatter in 
the x- and y-directions are more uniform compared to the no-bowtie filter cases.  
While this result can be readily seen in the SPR measurement for bowtie design #2 
(BeO/B4C), the increased uniformity in the scatter distribution with bowtie designs 
#1(Al) and #3 (PMMA) is more difficult to see using the SPR metric.  With the 




Through experimental and computational methods, the scatter in dedicated 
breast CT with the use of three different bowtie filters has been characterized in terms 
of magnitude and distribution.  These filter designs were evaluated to see how they 
affect the scatter with varying breast diameters and tube voltages.  SPR values were 




at the center in the bowtie and no-bowtie filter cases, the SPR results obtained in the 
y-direction would be similar between the no-bowtie and bowtie filter cases.   
For different tube voltages, the experimental and simulation data both showed 
an increase in the SPR value with decreasing tube voltage.  A similar trend was 
reported in previous studies.29, 80    A wide range of optimal tube voltages has been 
proposed for dedicated breast CT ranging from low values near 30 kVp to higher 
values around 80 kVp.5, 13-15, 85  It would be advantageous to use a bowtie filter that 
reduces the scatter independent of the tube voltage, given this range.  With the 
inclusion of a bowtie filter, the SPR was decreased for all tube voltages, but this 
decrease was not completely independent of tube voltage.  There was also some 
variability in the amount of scatter reduction obtained using each bowtie filter at 
various tube voltages.   
The difference seen between bowtie filters in the scatter reduction at different 
tube voltages (Figure 5.7) may be partly due to the amount of scatter generated by the 
bowtie filter itself.  The ratio between the incoherent scatter cross section and the 
total linear attenuation coefficient for the four bowtie filter materials increases rapidly 
with increasing energy between 10 keV and 50 keV.49  Since incoherent scatter 
contributes the most to the scatter contamination signal reaching the detector for these 
materials, this ratio would help to explain the decrease in scatter reduction seen with 
higher tube voltages for each bowtie filter design.  Future studies could include 
analysis of the scatter contribution from each individual component in the CT 




The experimental and simulation SPR data for the three different bowtie 
filters with three different breast diameters matched well.  Although there was an 
approximate -17% change between the experimental and simulation SPR values for 
the 10-cm breast phantom, the overall shape of the SPR curves matched reasonably 
well. 
Bowtie filter design #2 (BeO/B4C) showed the greatest reduction in the SPR 
for all breast diameters.  The SPR as a function of horizontal distance was nearly flat 
for the 14-cm diameter phantom using this bowtie design.  Since this bowtie is 
designed to attenuate x-rays the same way that 40% glandular/60%adipose breast 
tissue does, it would seem as if the x-rays all traveled the same path length to get to 
the detector at all fan angles.   
The variation in bowtie filter performance for different breast diameters for 
bowtie designs #1 (Al) and #3 (PMMA) is very small compared to the variation in 
bowtie filter performance with bowtie design #2 (BeO/B4C).  The SPR is reduced 
using bowtie designs #1 and #3 for all breast diameters, and the general shape of the 
SPR curve remains the same.  Although the center SPR value is reduced for all three 
breast diameters using bowtie design #2 (BeO/B4C), the shape of the SPR curve 
changes with the breast diameter.  At smaller breast diameters, the SPR curve is 
higher at the periphery of the phantom and lower at the center.   The bowtie filters are 
designed by taking into account the change in the path length of a photon through a 
cylindrical phantom as a function of fan-angle.  The bowtie filter thickness is 
minimum at the center, and the same for the bowtie and no-bowtie filter cases so the 




the variation of the bowtie filter is meant to account for the 14-cm phantom, and not 
the 10-cm phantom.  Figure 5.13 shows the shape of the bowtie filter if it were 
specifically designed for the 10-cm phantom. 
 
 
Figure 5.13: Comparison of bowtie designs for the 10-cm diameter and 18-cm 
diameter phantoms with the design used in the present study (14-cm diameter 
phantom).  The shape of the two-material bowtie filter designed specifically for the 
10-cm phantom is shown as the thin solid line while the specific design for the 18-cm 
phantom is shown  as the thick solid line.  The 14-cm phantom design used in the 
present study is shown as a dotted line. 
 
The difference in the thickness of the filter can be easily seen.  This means 
that when imaging a 10-cm phantom with the bowtie filter that was designed for a 14-
cm phantom, the photons are being attenuated too much.  This results in fewer 
primary photons hitting the detector at the larger fan-angles, which drives the SPR 
value higher and higher.  The opposite is seen for the 18-cm phantom.  The bowtie 
filter #2 design used in the study is undercompensating for the path length through the 
18-cm diameter phantom which results in more primary photons hitting the detector 
at larger fan-angles.  This explains the decrease in SPR toward the periphery of the 




 The last analysis done on the simulation images looked at the spatial 
distribution of the scatter signal with the three different bowtie filters for three 
different diameter phantoms and 50 kVp spectrum.  These results reveal more 
information about the distribution of the scatter signal than the SPR since the SPR 
values can be overshadowed by the large variation in the primary signal.   As 
indicated by the plots in Figures 5.10-5.12, the bowtie filters reduce the magnitude of 
the scatter and the spatial variation in the scatter distribution.  The benefit of a bowtie 
filter in reducing the scatter structure is more evident with larger phantoms.  Bowtie 
design #2 (BeO/B4C) achieves the highest degree of uniformity in the scatter signal 
distribution.  The ability of these bowtie filter designs to produce a more uniform 
scatter signal distribution could be beneficial when applying scatter correction 
algorithms that use primary modulation to separate the primary and scatter signals in 
the frequency domain. 90, 91   This feature could also increase the computational 
efficiency in Monte Carlo based scatter corrections that rely on fitting functions to 









Bowtie filters are designed to compensate for the variable path length of a 
patient across the object FOV.16  These types of filters are commonly used and widely 
applied in body and head CT scans18, 19, 94, 95, and are becoming an important 
inclusion for dedicated breast CT scanning.29, 30, 65, 85  There are several benefits to 
bowtie filter implementation.  One benefit is the ability to reduce the dynamic range 
requirement on the detector by delivering a more uniform fluence to the peripheral 
detector elements.95-97  Other well-known benefits include the reduction of scattered 
radiation74, 75, 93 and the reduction of dose to the patient.18, 61, 62 
 Several groups have designed bowtie filters for body and head CT 
applications with various design objectives.23-26, 95, 98  The idea of a dynamic bowtie 
filter using different wedge designs was presented by a couple of researchers as well.  
These studies looked at bowtie filter designs optimized to reduce the dynamic range 
requirement on the detector for abdomen, shoulder, thorax, and head imaging,24 or 
general matching of the patient attenuation characteristics25, 26 as a function of view 
angle. The regions that were tested generally have an elliptical shape that changes as 
the source and detector rotate around the patient.  For example, in an abdominal CT 




generally be much different from the projection image taken at the side of the patient 
since humans are generally thicker in the coronal plane compared to the sagittal 
plane.  Other groups have designed stationary bowtie filters for helical CT scanning 
of the thorax designed for dose reduction98 and for cone-beam CT of the head 
designed for uniform flux intensity in the projection.95 
 While these studies have shown the clinical feasibility and advantages of 
bowtie filter implementation in body and head CT scans, the fact still remains that 
these regions of the body contain different materials that vary greatly in their 
attenuation characteristics (i.e. bone).  The ideal bowtie filter would be able to 
simulate all the tissues in the region-of-interest (ROI), but this is not possible in these 
body regions.  The breast, however, is more homogenous in composition compared to 
other regions of the body and is relatively symmetric in the coronal and sagittal 
planes, making dedicated breast CT an ideal candidate for bowtie filter 
implementation.   
 Since the initial studies validating the usefulness of dedicated breast CT,5, 6, 8, 
14, 99 there have been a few different bowtie filter designs for this imaging modality 
that all vary in their design objective.  Boone et al. designed a bowtie filter made of 
Teflon (C2F4) that delivered ideal beam flattening for 50% fibroglandular/50% 
adipose breast tissue for 50 keV photons. 44  Silkwood et al. investigated the effect of 
bowtie filtration on CT number, noise and CNR using a simulated bowtie filter 
composed of uniform breast tissue.12  Most recently, Lück et al. designed two 
different bowtie filters: one aimed at delivering uniform dose to a cylindrical phantom 




reconstructed images.30  All of these studies showed that the use of a bowtie filter 
improves image quality and reduces the dose to the patient.   
The bowtie filter designs used in this experimental study differ from those 
reported in the literature.  By using the ideas of spectral matching and basis material 
decomposition, three different bowtie filters were designed that better represent the 
object being imaged (i.e. breast) and allow the user to have more control of certain 
design parameters.  These designs have been previously validated through 
computational and simulation methods.65, 66 
 
6.2 Methods 
6.2.1 Bench top cone-beam CT system 
The experimental, bench top CBCT84 system simulates the geometry and 
acquisition procedure of a cone-beam breast CT system.  The x-ray tube is a Varian 
G1582BI tube with a 10° rotating tungsten anode and 0.3/0.6 mm focal spots.  The 
detector is a Varian Paxscan 4030CB that uses a CsI scintillator with 1536 x 2048 
pixels and a 0.194 mm pixel pitch.  No binning was used when images were acquired.  
With the use of a collimator, the FOV was approximately 300 mm x 250 mm to 
accommodate the large breast phantom.  The tube output for each breast diameter was 
chosen such that the same average pixel value in a central ROI was obtained. 
Instead of rotating the source and detector around the phantom, the phantom 
was placed on a rotary table with three linear stages (Velmex , location) to position 




source-to-object distance (SOD) and source-to-detector distance (SDD) were 735 mm 
and 985 mm, respectively. 
6.2.1.1 Heel effect compensation 
The heel effect arises from the attenuation of photons in the anode material 
itself.  This causes an uneven intensity and HVL distribution from the anode side of 
the x-ray tube toward the cathode side.  By increasing the SDD, the prominence of 
the heel effect can be reduced.96  This solution, however, is not achievable in current 
dedicated breast CT systems.  For our validation and evaluation of the presented 
bowtie filter designs, it is important that the empty x-ray field is uniform.  For that 
reason, a wedge filter made of Teflon was fabricated to generate the desired uniform 
field.   
 Using a Radcal 10x5-0.6 cc ion chamber  and AccuGold radiation monitoring 
system (Radcal, Monrovia, CA), air kerma and HVL measurements were acquired 
across the detector FOV at a distance approximately equal to 0.9*SDD from the x-ray 
source.  The air kerma measurements were acquired for three different tube voltages: 
40 kVp, 50 kVp, and 60 kVp.  The wedge filter was designed for the 50 kVp data.  A 
50 kVp spectrum from IPEM Report 78 spectra was filtered with the tube’s inherent 
(0.8 mm Be + 2 mm Al) filtration and a Matlab program was written to determine the 
thickness of Teflon required to obtain the same air kerma value as the experimentally 
measured air kerma value of the furthest position toward the anode (the lowest value 
in the field).  
 The dimensions of the wedge filter for the 50 kVp measurements were used to 
fabricate a physical filter.  The wedge filter was taped on the inside of the collimator, 




measurement tools were acquired for all three tube voltages.  The results were plotted 
to verify the reduction in intensity variation as a function of position and tube voltage, 
and also to determine the reduction in HVL variability. 
6.2.2 Bowtie filters 
Three different bowtie filters have been designed and computationally 
validated.66  Two of the three bowtie filters (bowtie design #1 and bowtie design #3) 
were designed and fabricated from aluminum and PMMA, respectively.  Briefly, 
bowtie design #1 (Al) was designed so that, in combination with a 14-cm diameter, 
40% fibroglandular/60% adipose composition breast phantom positioned 735 mm 
from the source, a constant spectral shape across the FOV would be transmitted.  The 
HVL was used as the metric to determine the validity of the design in the 
computational analyses and was also used to experimentally verify the design.  
Bowtie design #3 (PMMA) was designed to produce the same effective attenuation 
coefficient at the detector behind the phantom FOV.  This design would not require 
the use of additional software corrections to the flat-field image.  Line profiles 
through scatter-free simulated images were obtained to validate the design.  For both 
bowtie designs, the energy fluence was expected to be dependent on the position 






Figure 6.1: Images of the two bowtie filters validated computationally and 
manufactured for experimental validation and evaluation.  The image is (A) shows 




Three hollow cylindrical phantoms made of PMMA with diameters of 10 cm, 
14 cm, and 18cm were used.  Each phantom was approximately 24 cm in length.  A 
row of lead beads were placed on the top and bottom of the 14 cm phantom for 
geometric calibration purposes.  Some details of the phantoms and inserts used in this 
study can be found in Keely et al.82  The cylinders were filled with liquid mixtures of 
water, isopropyl alcohol, and glycerin in appropriate proportions such that the liquid 
simulated the x-ray characteristics of various breast compositions.20, 21, 83   
 
6.2.3.1 CNR analysis 
To perform CNR analyses, an insert was placed inside the hollow phantom 




the center of the phantom to the periphery (Figure 6.2).  The phantom was then filled 
with a liquid simulating the x-ray characteristics of a breast with a composition of 
40% fibroglandular/60% adipose. 
 
Figure 6.2: Cylindrical 14-cm diameter phantom with CNR insert.82  The phantom 
contains three 100% glandular equivalent blocks from the center to the periphery to 
calculate the CNR homogeneity.   
 
 
6.2.3.2 Dose distribution analysis  
The 14-cm diameter phantom was also fitted with a removable cap with two 
hollow PMMA cylinders in the center and at the periphery that allow an ion chamber 
to be placed in the center while images are being acquired (Figure 6.3).  A separate 
set of images were acquired with this cap for the no-bowtie filter cases and bowtie 
filter cases to assess the air kerma values from the center to the periphery.  The 
Radcal Accu-Pro radiation monitor system was used with the 10x5-0.6 ion chamber 
(Radcal Corp. Monrovia, CA). Since only the effect of the bowtie filters on dose 
distribution from center to periphery is of interest, the air kerma values at the center 







Figure 6.3: Cylindrical phantom with hollow PMMA inserts used for the dose 
distribution analysis.  The Radcal 10x5-0.6 ion chamber is seen here in the peripheral 
cylinder.   
 
6.2.4 Radiation field mapping 
To validate the bowtie designs experimentally, a solid state multi-sensor was 
used in conjunction with the Radcal Accu-Gold Digitizer (Radcal Corporation, 
Monrovia, CA).  The sensor was able to collect measurements of HVL and intensity 
simultaneously as it was moved behind the phantom across the FOV on a linear stage.  
The multi-sensor is typically used for quality assurance measures and was used only 
to characterize the radiation field behind the phantom with and without the bowtie 
filters.   
Accurate measurements of the HVL were not necessary to validate the design, 




multi-sensor.  HVL and intensity measurements were obtained for arbitrary added 
filtration thicknesses of aluminum using the Accu-Gold multi-sensor and the Radcal 
10X5-6 general purpose ion chamber.  The results showed good agreement between 
the HVL as measured by the multi-sensor and the HVL measured using the ion 
chamber.   
 Because of tube output limitations, the Accu-Gold multi-sensor was not able 
to produce reliable results with the 18-cm diameter breast phantom across the entire 
object FOV.  Therefore, the HVL was measured by placing the 10x5-6 ion chamber 
(Radcal Corporation, Monrovia, CA) on the linear stage instead of the multi-sensor.  
The ion chamber was moved to seven different positions behind the object to acquire 
measurements across the entire object FOV.  Different thicknesses of aluminum were 
added to the x-ray beam in order to reduce the measured intensity to half of its initial 
value.  The ion chamber positions corresponded to the sensor positions that were used 
for the 10 and 14 cm phantoms. 
Although the bowtie filters were designed for a 14 cm diameter cylindrical 
breast phantom of 40/60 composition at 50 kVp, measurements were obtained for 
several different cases to test the robustness of the designs against changes in tube 
voltage, breast composition, and breast diameter.  For each bowtie design, the 
following cases were realized: variable tube voltage from 40 – 60 kVp in 10 kVp 
increments while breast diameter (14 cm) and composition (40/60) were held 
constant; variable breast diameter from 10 – 18 cm in 4 cm increments while tube 
voltage (50 kVp) and breast composition (40/60) were held constant; and variable 




diameter (14 cm) were held constant.  It is important to note that the same bowtie 
filters were used in the investigation of variable breast diameter; the bowtie filters 
were translated along the source-detector axis to obtain appropriate coverage of the 
larger and smaller breast phantoms.    
The HVL and intensity were sampled at approximately 25 different positions 
behind the phantom, with three measurements being acquired at each position.  The 
sampling positions across the detector FOV were the same for each phantom 
diameter, meaning as the breast phantom diameter increased, more measurements 
were acquired from behind the phantom as opposed to measurements outside the 
object FOV.   The entire object FOV was sampled for each breast diameter. 
6.2.5 Image analysis 
300 projection images were acquired over 360° using the uniform composition 
phantoms and the CNR insert phantoms and reconstructed using a filtered 
backprojection algorithm. 52, 53  The voxel size of the reconstructed images was 0.14 x 
0.14 x 1 mm3.  For the 10-cm, 14-cm, and 18-cm diameter phantoms, the 
reconstructed image sizes were 800 x 800, 1000 x 1000, and 1200 x 1200, 
respectively.  A scatter correction method proposed by Sechopoulos using a tungsten 
plate with an array of small holes was used to obtain estimates of the primary-only 
images, and then subtract the estimates from the projection image without the plate to 
obtain an estimate of the scatter signal at the location of each small hole.54  Further 
details on this method are given below.  These scatter-corrected images were used to 
analyze the beam hardening artifact, noise uniformity, and CNR uniformity with and 





6.2.5.1 Scatter correction method 
In addition to the typical methods of reducing scatter (field size, air gap, 
bowtie filtration, anti-scatter grid), there are several scatter correction algorithms 
currently used in cone-beam CT.100  There are several measurement-based methods 
that propose the use of beam-blockers to acquire the scatter signal79, 101-104 while other 
methods utilize primary modulation as a means of separating the scatter signal from 
the primary signal in the frequency domain.90, 91  Other methods suggest the use of 
fast Monte Carlo GPU simulations of scatter to be used for correction.105  The method 
proposed by Sechopoulos is similar to an inverse beam-block method.  This method 
was easy to implement, accurate, and clinically relevant as dose measurements 
indicate that there was less than a 0.5% increase in the total patient dose.54 
The scatter correction method employed on our bench-top cone-beam CT 
system used a 330 mm x 280 mm x 2.54 mm tungsten plate with an array of over 
1800 holes, each 0.35 mm in diameter and 6.7 mm apart (Figure 6.4).   For each 
experimental technique, there were five image data sets acquired: (1) flat-field 
images, (2) dark-filed images, (3) phantom projection images, (4) phantom + scatter 
plate projection images, and (5) scatter plate projection images (with or without 





Figure 6.4 Tungsten plate used for scatter correction in experimental study 
 
For the phantom + scatter plate projection images, the scatter plate was placed 
in front of the phantom in the path of the x-rays.  The projection image of the 
phantom + scatter plate would consist of hundreds of pinhole projections through the 
phantom.  These pin-hole projections were assumed to contain only the primary 
signal.  The phantom + scatter plate projection images were flat-field and dark-field 
corrected.  Using Matlab programming, the pixel location and intensity value of the 
maximum intensity pixel in each pin-hole projection for the phantom + scatter plate 
image was determined and saved.  Before this estimate of the primary signal could be 
subtracted from the primary + scatter phantom projection images, an intensity 
correction factor was applied to each pin-hole location using the scatter plate only 
projection images.   
Due to the unfocused nature of the small pin-holes on the tungsten plate, there 
was a reduction in the intensity in the pin-hole projection with the scatter plate 




projection of the pin-hole for the phantom + scatter plate images, the flat-field image 
set and the scatter plate only image set was used.  The same Matlab program was 
used to determine the location and intensity of the maximum intensity pixel in each 
pin-hole projection in the scatter plate only images.  The pixel intensities at the same 
locations previously determined in the flat-field image were divided by those in the 
scatter plate only image.  These pin-hole specific intensity correction factors were 
then multiplied by the pixel intensities for the corresponding locations in the phantom 
+ scatter plate image.  This methodology is an extension of Sechopoulos’s work, as 
he did not take into account the intensity correction factor for each individual pin-
hole projection.   
After subtraction of the primary estimates multiplied by the intensity 
correction factors from the phantom images (primary + scatter), an estimate of the 
scatter at each pin-hole location was obtained.  Using a radial basis function built-in 
to Matlab to interpolate between the points, an estimated scatter image was obtained 
for each phantom projection image (Figure 6.5).  The work by Sechopoulous 
suggested using an inverse distance weighting function106 for interpolation, but our 
results indicated that the radial basis function provided better interpolation. The 
scatter image was subtracted from the corresponding phantom projection image, and 





Figure 6.5: Interpolated estimation of the scatter image using the radial basis function 
in Matlab.  This scatter estimate was for a 10 cm diameter phantom with bowtie 
design #1 (Al). 
 
6.2.5.2 Beam hardening artifact 
The resulting reconstructed images were smoothed with a Gaussian kernel.  
Line profiles using the central slice through the center of the phantom were plotted 
and normalized to the central pixel value for all bowtie filter cases and no-bowtie 
filter cases.   
 
6.2.5.3 Noise uniformity 
The noise uniformity was analyzed by selecting four volumes-of-interest 
(VOI) on the periphery of the reconstructed images and one central VOI.  The 
standard deviation of each region in each slice of the reconstructed volume was 
obtained and applied to Eq. 6.1.30, 55 
 









In this equation, σn,periphery represents the standard deviation of the nth VOI, σcenter 
represents the  standard deviation of the pixel values in the central VOI, and UI is the 
resulting uniformity index.  This analysis was done only on the 14-cm phantom since 
the lead BB method used for geometric calibration of the bench-top CT scanner107 
was only applied to the 14-cm phantom. 
 
6.2.5.4 CNR homogeneity  
Images were acquired using the contrast insert phantom previously described 
and reconstructed.  On each reconstructed slice, an ROI was selected in the glandular 
block and in a uniform area the same radial distance from the center of the phantom 
as the glandular block.  For a given block (denoted by i), the CNRi was computed on 
each slice by taking the difference between the average pixel value in the block ROI 
(Iblock,i) and the average pixel value in the uniform ROI (Inoise,i), and dividing by the 
corresponding noise.  The values were then averaged over all slices (N) in the 









                                                                                          (6.2) 
 
6.3 Results 
6.3.1 Heel effect reduction 
A wedge filter was designed and fabricated to generate a uniform field in 




FOV.  Figure 6.6 shows plots of the normalized air kerma distribution as a function of 
position across the detector (anode side to cathode side of x-ray tube) for three 
different tube voltages. 
 
Figure 6.6: Air kerma measurements with and without a Teflon wedge filter to 
account for the heel effect.  The values are normalized to the maximum intensity 
value.  Measurements were acquired at (A) 40 kVp, (B) 50 kVp, and (C) 60 kVp. 
 
 For all tube voltages, the addition of the Teflon wedge filter reduced the 
variation in the measured air kerma from about 30% to less than 15%.  The measured 
HVL also showed similar results, with the variation in HVL as a function of position 
varying by less than 3% of the furthest anode-side position.  Based on these results, 
the Teflon wedge filter was integrated into the imaging system for all radiation field 





6.3.1 Radiation Field Mapping 
Bowtie design #1 was designed with a specific design goal of equalizing the 
measured HVL in the object FOV and decreasing the variation in intensity from the 
center of the phantom to the periphery of the phantom.  Computational results 
indicate that this design goal can be achieved, but experimental validation was 
needed.  Although the design goal of bowtie design #3 was to produce a uniform 
effective attenuation coefficient at the detector, measurements of the HVL and 
intensity behind the object were taken and analyzed for the 14-cm, 40% 
fibroglandular/60% adipose phantom even though these results will not validate the 
design.   
 The HVL behind the object FOV was also measured for various parameters to 
determine the robustness of bowtie design #1 against variations in tube voltage, breast 
diameter and breast composition.  Only measurements for bowtie design #1 (Al) were 
taken for this analysis. 
 
6.3.1.1 Bowtie filter design validation 
The following plots show the measured values behind the 14-cm diameter 
phantom using a spectrum of 50 kVp with and without bowtie design #1 (Al).  Figure 
6.7A shows the measured HVL as a function of position behind the phantom with and 
without the bowtie filter design #1.  Figure 6.7B shows the measured intensity as a 
function of position behind the phantom with and without bowtie design #1 (Al).  





Figure 6.7: Measured values behind phantom FOV with and without bowtie design #1 
(Al) normalized to the center value.  (A) The measured HVL is plotted as a function 
of position behind the phantom with and without the bowtie filter. (B) The measured 
intensity as a function of position behind the phantom is plotted with and without the 
bowtie filter. 
 
The data from these figures validate the design goal of bowtie design #1.  The 
measured HVL is nearly constant in the object FOV with the use of bowtie design #1 
(Al) while the HVL varies by approximately 20% from center to periphery with no 
bowtie filter.  The decrease in the variation of the intensity is also seen with the use of 
bowtie design #1 (Figure 6.7B).  
 Figure 6.7 shows the measured HVL and intensity variation across the object 
FOV using bowtie design #3 (PMMA).  Although these measurements will not 
validate the bowtie filter design, it is still important to note that the variation in HVL 
is slightly decreased with the use of the bowtie filter compared to the no bowtie filter 
case (Figure 6.8A).  The same degree of variation in intensity from center to 







Figure 6.8: Measured values behind phantom FOV with and without bowtie design #2 
(PMMA) normalized to the center value.  (A) The measured HVL is plotted as a 
function of position behind the phantom with and without the bowtie filter. (B) The 
measured intensity as a function of position behind the phantom is plotted with and 
without the bowtie filter.  These plots will not validate the design but are important 
features of the bowtie design.   
 
6.3.1.2 Bowtie filter design evaluation 
Figure 6.9 shows the measured HVL using the AccuGold system for bowtie 
design #1 (Al) with various breast compositions, breast diameters, and tube voltages.  
The HVL measurements were normalized to the measurement that was obtained at 
the left peripheral side of each phantom since we are interested in looking at how the 
HVL measurements vary as a function of position behind the phantom.   
 With the different breast compositions and breast phantom diameters, the 
measured HVL varied more compared to the variability with different tube voltages.  
Bowtie design #1 is meant to achieve its design goal of uniform HVL behind the 
phantom FOV independent of photon energy in the diagnostic range.  The results in 
Figure 6.9C show that the bowtie filter achieves this goal.  The error bars are very 
large with the measurements taken at 40 kVp due to the decreased photon fluence 




HVL measurements at different tube voltages behind the phantom FOV vary, at most, 
by approximately 7% from the peripheral measurement. 
 When using different breast compositions with bowtie design #1, there is 
more variability as the position behind the phantom changes (Figure 6.9A).  With a 
breast composition with less fibroglandular percentage than the composition for 
which the bowtie filter is designed (i.e. 40% fibroglandular/60% adipose), the 
measured HVL decreases as the radiation sensor is moved toward the center of the 
phantom, and then increases again.  The measured HVL does not change greatly with 
the 75% fibroglandular/25% adipose breast tissue mixture compared to the 
40%fibroglandular/60%adipose mixture.  For all different breast compositions 
investigated, the maximum variation from the peripheral measurement is about 4%. 
 The largest variation in the measured HVL at different positions behind the 
phantom occurs with different breast diameters shown in Figure 6.9B.  Compared to 
the 14-cm diameter phantom measurements, the measurements for the 10-cm 
phantom decrease by 5% compared to the peripheral measurement as the radiation 
monitor is moved to the center of the phantom and then increase.  The measurements 
behind the 18-cm phantom increase by approximately 8% compared to the peripheral 







Figure 6.9: Normalized HVL measurements behind the phantom FOV for various 
parameters using bowtie design #1 (Al).  The HVL was measured with various (A) 





The intensity behind the phantom was also measured for different breast 
compositions, breast diameters, and tube voltages.  For all different parameters, the 
intensity measured behind the phantom was decreased compared to the no-bowtie 
filter case for both bowtie design #1 (Al) and bowtie design #3 (PMMA).  These 
results indicate that independent of the breast phantom characteristics and spectrum, 
the dynamic range can be reduced with the inclusion of the bowtie filters described in 
this study. 
 
6.3.2 Beam hardening artifact 
The bowtie filters were included in the imaging scheme during the collection 
of 300 projection images used for reconstruction.  The line profile through the center 
of the phantom in the central slice of the reconstructed images were used to as an 
additional validation for bowtie design #1 (Al), and primary validation for bowtie 
design #3 (PMMA).  Bowtie design #3 (PMMA) was designed so that the effective 
attenuation coefficient would be constant such that the line profile through the scatter-
free reconstruction image would be flat.   
Figure 6.10 shows the line profile of the uniform phantom filled with 40% 
fibroglandular/60% adipose equivalent tissue material with bowtie design #1 (Al), 
bowtie design #3 (PMMA), and with no bowtie.  The line profiles are normalized to 
the central pixel value.  For each no-bowtie filter case, additional filtration was added 
to account for the constant thickness base added on to each bowtie filter so that an 




03.5 mm, so for the no-bowtie filter cases for bowtie design #1 and bowtie design #3, 
3.5 mm of aluminum and PMMA were added, respectively.   
The Figure 6.10C and 6.10D show the line profiles for the 14-cm phantom 
using both bowties.  Since each bowtie filter was designed for a 14-cm cylindrical 
phantom, these plots validate the designs.  Figure 6.10C shows that with bowtie 
design #1 (Al), there is a capping artifact due to the beam hardening in the calibration 
scan, as expected.  Figure 6.10D shows that with the use of bowtie design #3 
(PMMA), there is no such capping artifact and the line profile through the center of 
the phantom is constant compared to the no-bowtie filter case.   
Bowtie design #3 (PMMA) is fairly robust against variation in the breast 
phantom diameter.  For the 10-cm and 18-cm phantoms, the line profiles using this 
bowtie design remain fairly constant compared to the no-bowtie filter case.  This 
result was expected based on computational and simulation studies previously 





Figure 6.10: Line profiles of central slice of reconstructed images with and without 
bowtie design #1 (Al) and bowtie design #3 (PMMA).  Plots A, C, E show the line 
profiles with and without bowtie design #1 (Al) for various phantom diameters.  Plots 
B, D, F show the line profiles with and without bowtie design #3 (PMMA) for 





6.3.3 Noise uniformity 
The change in the noise distribution for the 14-cm diameter phantom was 
investigated by calculating the noise UI.  The results for the no-bowtie filter cases and 
the bowtie filter cases are shown in Figure 6.11.  Again, since the bowtie filters each 
contain a constant thickness base of 3.5 mm, the no-bowtie filter cases contain the 3.5 
mm of the same bowtie filter material to allow for comparisons. 
 Non-uniformity in the noise without a bowtie filter arises from the variation in 
photon fluence that hits the detector.  In the center, where the path length through the 
cylindrical object is greatest, the noise is increased due to a lower photon fluence.  At 
the periphery, the path length is shorter and noise is decreased due to the increased 
photon fluence.  The black line at UI = 0 in each plot in Figure 6.11 is included as a 
visual reference. This is the desired case: the closer the points are to this line, the 
better the noise uniformity.  Without the bowtie filter, the noise varies from center to 
periphery, on average, by approximately 7% .  The noise UI is improved with the 
inclusion of the bowtie filters such that the noise varies by less than 2% from center 






Figure 6.11: Noise uniformity index calculated using the 14-cm diameter phantom 
with and without bowtie design #1 (Al) and bowtie design #3 (PMMA). 
 
6.3.4 CNR homogeneity  
 Using the contrast phantom described above, the CNR was calculated at three 
different locations within the 14-cm diameter phantom to understand how the CNR 
homogeneity is affected by the inclusion of a bowtie filter.   Figure 6.12 shows the 
results of the calculation.   
 With the inclusion of both types of bowtie filters, the CNR was more uniform 
compared to the no-bowtie filter case.  Without the bowtie filter, the CNR increased 
by approximately 20% from the central measurement (Figure 6.12A).  With bowtie 
design #1 (Al), the CNR only varied by 10%.  With bowtie design #3, the CNR 






Figure 6.12: CNR calculations as a function of radial distance using (A) bowtie 
design #1 (Al) and (B) bowtie design #3 (PMMA).  The results are normalized to the 
central CNR value. 
 
6.3.5 Dose distribution 
 
The dose distribution for each bowtie and no-bowtie filter case was measured 
using a CT ion chamber.  Measurements were acquired in the center and at the 
periphery of the 14-cm diameter phantom using a 50 kVp tube voltage.  The 
measurements were normalized to the values at the center in order to investigate the 
variation in the dose from center to periphery.  The results with and without bowtie 






Figure 6.13: Experimentally measured dose distribution for the bowtie and no-bowtie 
filter case using (A) bowtie design #1 (Al) or 3.5 mm added Al filtration, and (B) 
bowtie design #3 (PMMA) or 3.5 mm added PMMA filtration. 
 
 With the inclusion of the bowtie filter, the dose distribution was less variable 
from the center to the periphery.  Bowtie design #1 (Al) resulted in an approximate 
20% reduction in the variation of the dose distribution compared to the no-bowtie 
filter case while bowtie design #3 resulted in a slightly smaller reduction of 15% 
compared to the no-bowtie filter case.  Similar results were seen in the simulation 
analysis done using these two bowtie filters, with bowtie design #1 (Al) resulting in a 
30% reduction in variation compared to the no-bowtie filter case and bowtie design 
#3 (PMMA) resulting in a 25% reduction.   
 
6.4 Discussion 
The measured values of HVL and intensity across the object FOV validated 
bowtie design #1 (Al).  Similar measurements were obtained and plotted for bowtie 
design #2 (PMMA), even though these data would not validate the bowtie design.  




a decrease in intensity variation compared to the no bowtie filter case.  The intensity 
as measured by an ion chamber can serve as a measure in calculating the dynamic 
range.  With the dynamic range being defined as the ratio of the largest energy 
fluence to the smallest energy fluence, Figures 6.7B and 6.8B show that there is a 
decrease in the dynamic range requirement on the detector with the use of these 
bowtie filters.  Low dynamic range is desired when implementing CT systems with 
photon counting detectors.12, 108-110 
 All of the bowtie filters are designed for a specific breast composition, breast 
diameter, and tube voltage.  It is important to see how the design goals change when 
different parameters are used.  The results in Figures 6.7 - 6.9 show the radiation field 
mapping with various breast compositions, breast diameters, and tube voltages to 
validate and evaluate the design goal of bowtie design #1.  This bowtie design is 
meant to yield a constant HVL measurement independent of position behind the 
phantom.  Figure 6.7A shows that this bowtie filter does achieve this design goal, but 
when different breast phantom diameters are used with the same bowtie filter design 
#1 that was designed for a 14-cm phantom, the results vary.  Figure 6.9B shows that 
with larger breast phantoms, the measured HVL will increase from the periphery 
toward the center of the phantom rather than remain constant as indicated with the 14-
cm phantom.  Since the bowtie filter is designed for a 14-cm phantom, increasing the 
breast phantom size increases the amount of tissue that the x-rays need to travel 
through.  This causes the x-ray beam to harden, and the HVL to increase.  The same 




for the 10-cm phantom.  There is less tissue for the x-rays to travel through, so the x-
ray beam does not get hardened as much as it would for a 14-cm phantom.   
 Both types of bowtie filters gave more homogeneous CNR calculations as a 
function of radial distance.  These results are consistent with previously reported 
simulation and experimental experiments with different types of bowtie filters.12, 30  
This improvement is most likely due to the more uniform noise distribution that is 
obtained when the bowtie filters are used.  Since there are fewer photons reaching the 
periphery of the breast with the bowtie filter in place, the CNR decreases.  The error 
bars in the center-most ROI used for the CNR calculation are very large compared to 
the other ROIs.  After further examination of the reconstructed volume, there are ring 
artifacts that appear in the central contrast ROI that may be causing the large 
variations in CNR calculation.   
 Although the CNR metric is important in determining the distinguishability 
between two different tissues, it is an object-independent metric and does not give as 
much information about the detectability of an object.  The signal-to-noise ratio 
(SNR) is a task-based metric that takes into account the size, shape, and contrast of an 
object, as well as background in the image.96  As shown by Brunner et al.111, the line 
spread function (LSF) will change as a function of contrast material, which will 
change the transfer function of the object used in the spatial definition of the SNR.112  
The CNR metric does not capture all of this information.  The point spread function 
(PSF) is also location dependent, and will affect the detectability of objects.  




with and without the bowtie filters to get a better understanding of how bowtie filters 
change the detectability of objects.   
 The results of the noise UI calculations indicate that the inclusion of either 
bowtie design #1 (Al) or bowtie design #3 (PMMA) causes a reduction in the 
variation of the noise from the center to the periphery.  Bowtie design #3 (PMMA) 
had a slightly worse noise UI compared to the noise UI for bowtie design #1 (Al), but 
these results are not surprising.  Figures 6.7B and 6.8B show the measured intensity 
as a function of position behind the 14-cm diameter phantom for both bowtie types.  
While both bowtie filters decrease the variation in intensity behind the phantom FOV, 
bowtie design #1 (Al) generates a slightly more uniform distribution.  This translates 
to a slightly lower fluence hitting the periphery of the phantom with bowtie design 
#1, which causes an increase in the noise to a level closer to that at the center of the 
phantom.   
 The noise UI is also dependent upon the material chosen for a given bowtie 
filter design.  We have conducted a computational and simulation study to analyze the 
noise UI and other parameters with various materials for all of the bowtie filter 
designs proposed by our group.66  However, we have yet to conduct an experimental 
validation of the study so future work would include an experimental analysis of 
different filter materials.   
 Since the lead BBs used in the geometric calibration method were only 
present on the 14-cm phantom, only the images of that phantom were analyzed for 
noise uniformity and distribution given that previous studies have shown that lack of 




line profiles that were obtained from the 10-cm and 18-cm diameter phantoms should 
not be affected by the lack of geometric calibration.  Aside from the slight blurring 
artifact that was present at the edges of the phantom in the reconstructed images, 
there were no noticeable changes.  Future studies would implement the geometric 
calibration method for all phantom sizes so that noise analyses could be done. 
 The bowtie filters investigated in this study only account for changes in the 
path length through a cylindrical phantom in the fan direction.  Future work will 
focus on the design and manufacturing of anthropomorphic bowtie filters that take 
into account the change in the cross-sectional diameter of the breast as a function of 
z-direction.  Lück et al. suggested dynamic modification of a bowtie filter with the 
spiral breast CT system used in the group.30, 99  There are several other breast CT 
prototypes currently undergoing clinical trials and/or feasibility studies that employ a 
flat panel cone-beam geometry10, 48, 60, 64, therefore, a bowtie filter that is able to 
achieve the desired design goals independent of the cross-sectional diameter for a 




Chapter 7: Computational and simulation framework for 






Given that dedicated breast CT is a new imaging modality, researchers have 
yet to converge on the parameters for optimal usage.  Although there are several 
parameters to optimize with a new modality, most groups have focused on the 
spectral optimization over the last several years.5, 9, 13-15  The most common FOM 
used to determine the optimal spectrum takes into account one aspect of image 
quality (CNR) and the dose.  This FOM, called the dose efficiency (DE), is defined as 
the ratio of the square of the CNR to the dose in a specific region.  Several groups 
have used this FOM to determine the spectrum that yields the best image quality for 
the lowest patient dose.  Weigel et al. determined a tube voltage between 50 – 60 
kVp, with added aluminum filtration, would be a sufficient compromise between dose 
penalties and tube requirements13  These results were obtained using a uniform 
cylindrical phantom with a centrally located insert composed of either iodine or 
calcium hydroxyapatite material.  Prionas et al. investigated optimal tube voltages 




voltage of 60 kVp with 0.2 mm of copper would yield the highest soft-tissue contrast 
and microcalcification contrast.14  The DE analysis was done using multiple ROIs 
varying in position within a cadaveric breast.  McKinley et al. and Chen & Ning 
conducted simulation studies using the signal-to-noise ratio (SNR) instead of the 
CNR to calculate the DE metric for lesions embedded in a uniform breast material.  
The conclusions from McKinley et al. study showed that the use of highly attenuating 
filter materials with tube voltages between 50 – 70 kVp can produce maximized DE 
for lesions placed at the edge of a uniform phantom.15  Chen & Ning used 
monochromatic spectra to determine the optimal effective energy that yields the 
highest DE metric to be between 30 – 40 keV, and recommended a tube voltage of 40 
– 55 kVp with aluminum filtration.5  The phantom used in this study contained three 
groups of several inserts varying in both radial position and z-position.  The insert 
used to obtain the DE result, however, was not specified.   
Other studies did not use the DE metric as the FOM, but generated applicable 
results.  One  study looked at the optimization of the spectrum for a lesion 
detectability task (instead of the CNR and dose) using the Hotelling ideal observer.9  
A range of tube voltages for various filter materials of different thicknesses were 
modeled and the ideal observer SNR was calculated for each case.  The results 
showed that the optimal tube voltage was found to be approximately 40 kVp for filter 
materials with an atomic number between 40 and 55.  For filter materials with an 
atomic number between 57 and 65, the optimal tube voltage was found to be 40 – 70 




The methodology used by most groups for spectral optimization in dedicated 
breast CT is similar.  Some studies use easily accessible, cost effective filtration such 
as aluminum and copper, to generate the ideal spectrum.  The simulation studies 
described above, however, indicate that higher Z materials may provide an 
improvement in the DE metric over the common filters.  The lanthanide metals (Z = 
57 – 60) fit the description of an appropriate filter to achieve the maximal DE metric, 
according to the simulation studies.9, 15   
Lanthanide metals have an advantage over lower atomic number filters 
because of their sharp k-edges116 that allow the use of higher kVp’s to obtain a 
narrow energy spectrum with maximum energies defined by the specific lanthanide 
metal used.  Conclusions from the studies using lanthanide foils indicate that as the 
filter thickness increases, the incident spectrum becomes more monochromatic and 
figures of merit such as DE improve 15, 48.  Copper filtration also shows an increase in 
monochromatic nature with increasing filter thickness, but to a lesser extent.  Figure 
7.1 shows computed transmitted spectra for different thicknesses of lanthanum and 
copper using an initial 50 kVp tungsten anode spectrum from IPEM Report 78.  The 
colored vertical lines represent the calculated average energy of the spectrum for each 
thickness of lanthanum and copper filtration.  A highly monochromatic beam in the 
correct energy range is ideal because it will be able to separate tissues with closely 
matched attenuation coefficients 48.  From the figure, it is clear that the 
monochromatic nature of the beam increases as filter thickness increases for both the 




range for lesion detection5, 117 with the lanthanum filter, suggesting that these filters 
allow for improved discrimination between low contrast objects found in  
the breast.  
 
 
Figure 7.1: Simulated spectra using different thicknesses of lanthanum and copper 
filtration. With lanthanide filtration, we get a greater degree of monochromaticity 
with average energies in the ideal energy range.  Initial spectrum is from IPEM 
Report 78. 
 
While the studies described above show encouraging results for the use of 
lanthanide filtration in achieving maximal DE values, the issue of tube loading was 
not taken into account.  As the filter thickness is increased, the intensity of the beam 
is reduced and would require an increase in the mAs to obtain the same incident 
fluence.  To our knowledge, the necessary increase in tube-specific tube loading as a 
function of filter type and thickness has not been investigated.  Such information 




implemented into an existing dedicated breast CT scanner.  Part of the computational 
work in this chapter aims to address this issue. 
One other commonality between the spectrum optimization studies previously 
discussed is the absence of bowtie filtration in the imaging scheme.  Most of the 
studies investigated the DE metric as a function of a single region located at various 
positions of a uniform, cylindrical phantom.  The image contrast and dose have been 
shown to change as a function of radial position due to the variation in the x-ray 
fluence as a function of fan-angle, so the DE metric may not be consistent for 
different radial positions in a cylindrical phantom.  One goal of this study was to 
determine how the DE metric varies as a function of radial position in a cylindrical 
phantom, and how the inclusion of a bowtie filter affects the radial variability and 
magnitude of the DE.  It is expected that a bowtie filter that provides an accurate 
spectral match of the breast tissue will improve the consistency of the DE distribution 
and increase its magnitude compared to the no-bowtie filter case.  Based on the 
results from previous chapters, bowtie design #2 (BeO/B4C) presented in 
this dissertation was selected and included in the simulation geometry to determine 








7.2.1 Computational model 
Using IPEM Report 78 data and spectra, mono-energetic and poly-energetic 
computations were done using a simple set-up as shown in Figure 7.2.  The mono-
energetic calculations investigated the required fluence through the breast to obtain a 
constant SNR for different energy photons and different breast diameters (Eq.7.1).   
 
𝑁 =  1
(µ1− µ2)2∗ 𝑒−µ2∗𝑇
                                                                                                (7.1) 
 
In this equation, N is the required photon fluence to obtain a constant SNR, µ1 is the 
attenuation coefficient for the target material, µ2 is the attenuation coefficient of the 
background material, and T is the thickness/diameter of the breast (Figure 7.2).  For 
this computation, the target material was chosen to be 100% fibroglandular breast 
tissue, and the background material was chosen to be 50% fibroglandular/50% 
adipose breast tissue.  The breast diameter distribution from a small group of women 
was found to range from 10 cm to 18 cm, so the mono-energetic calculations will 







Figure 7.2: Schematic of computational set-up. 
 
The poly-energetic spectra computations required the use of a FORTRAN 
program to manipulate IPEM Report 78 spectra.  The input to the program included 
the chemical composition and thickness of the background object and target material 
inside of the object, chemical composition and thickness of the added filtration, and 
an energy range of interest.  The chemical composition of the target and background 
was used to generate the energy-dependent attenuation coefficients (µ1 and µ2, 
respectively in Figure 7.2), which was calculated using the sum rule.  A 100% 
fibroglandular target of thickness t in a 50% fibroglandular/50% adipose background 
of thickness T was used for a range of added filter thicknesses.  Input spectra were 
manipulated to generate the incident and transmitted fluences (Nincident, Nt, and Nt.target 
respectively) according to Eqs.7. 2-7.4.   
 
𝑁𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝐸) =  𝑁0(𝐸) ∗ 𝑒−𝜇𝑓𝑖𝑙𝑡𝑒𝑟(𝐸)∗𝑡𝑓𝑖𝑙𝑡𝑒𝑟                                                  (7.2) 
𝑁𝑡(𝐸) =  𝑁𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝐸) ∗ 𝑒−µ2(𝐸)∗𝑇                                                                       (7.3) 





The attenuation coefficient of the added filtration is µfilter and the thickness of this 
filter is tfilter. These fluence values were then used to compute the DE metric and an 
additional metric that illustrates the power required to maintain the CNR of a 50 kVp 
beam for various filters and filter thicknesses, called PCNR. 
 
7.2.1.1 DE Calculation 
The DE metric required the calculation of the CNR of a specified target region 
and the dose to that target region.  The signal difference (SD) in the CNR was 
calculated by taking the difference between the energy fluence through the object 
without the target and the energy fluence through the object with the target (Eq.7.5). 
 
𝑆𝐷 = ∫𝑁𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝐸) ∗ 𝐸 ∗ 𝑒−𝜇2(𝐸)∗𝑇𝑑𝐸 −∫𝑁𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝐸) ∗ 𝐸 ∗ 𝑒−𝜇2(𝐸)∗(𝑇−𝑡) ∗ 𝑒−𝜇1(𝐸)∗𝑡𝑑𝐸     (7.5) 
 
The noise in the CNR metric was calculated under the assumption that the energy 
bins were independent.  The following equation describes the calculation of noise. 
 
𝑁𝑜𝑖𝑠𝑒 =  �∑ 𝐸2 �𝑁𝑡(𝐸) + 𝑁𝑡,𝑡𝑎𝑟𝑔𝑒𝑡(𝐸)�𝐸0                                                              (7.6) 
 
The ratio of these two quantities constituted the CNR  to be used in the DE 
calculation.   
The dose was simply taken to be the difference between the incident energy 




DE metric was calculated for a range of tube voltages (i = 30 – 80 kVp) and filter 
thicknesses (j = 0 – 0.61 mm) for breast diameters between 10 and 18 cm, in 2 cm 
increments. 
 
7.2.1.2 PCNR Calculation 
In order to determine how the power requirements change as a function of 
different flat filters of varying thicknesses, the PCNR metric was calculated using 
adjustable parameters to a specific x-ray tube with a maximum power output, k, at a 
given tube voltage.  Using a 50 kVp reference spectrum with no additional filtration 
and the target previously described, the power required to maintain the CNR obtained 
from the reference spectrum was calculated according to Eq. 7.7 for a range of tube 
voltages, i, and different filter thicknesses, j. 
 




∗ 𝑘                                                                             (7.7) 
 
For the Varian G-1582BI rotating tungsten anode x-ray tube available for use in our 
lab, the maximum tube current achievable for a 50 kVp spectrum was 125 mA.  
Therefore, the constant, k, was 6250 W.   
The PCNR was calculated for breast diameters between 10 and 18 cm, in 2 cm 
increments.  For each breast diameter and filter thickness, the maximum DE metric 





7.2.2 Simulation set-up 
In order to obtain more accurate computations of dose and to determine the 
effect bowtie filtration has on the consistency and magnitude of the DE metric as a 
function of radial position, Monte Carlo simulations were done using the PENELOPE 
code50 with the penEasy_Imaging main program.51  A 14-cm diameter cylindrical 
breast phantom filled with a 40% fibroglandular/60% adipose breast composition 
from Hammerstein et al. data was used.39  According to the bowtie design 
specifications, the bowtie filter was placed 16.25 cm away from the source.  The 
phantom contained three, 0.7 cm 100% fibroglandular cylindrical inserts, each 
spanning ± 1 cm in the z-direction from the center of the phantom for a total length of 
2.0 cm.  The inserts were placed 1.26, 3.15, and 5.04 cm away from the center of the 
phantom in the radial direction.  For each projection image, the energy deposited in 
each insert was recorded.  The sum of the energy deposition in each insert over the 
entire 360° acquisition was used as a surrogate for the dose to the region of interest.   
The phantom was placed 73.5 cm away from the source.  A similar simulation 
set-up was previously described in Section 3.2.5.1.  The fan-angle and cone-angle 
collimations were set at 16.58° and 18.58°, respectively.  The ideal detector with a 
matrix of 1536 x 2048 pixels and pixel pitch of 194 µm was placed 98.5 cm away 
from the x-ray source, which gives a magnification of about 1.3, similar to previous 
simulation and experimental studies.5, 54   
 Five different tube voltages between 30 kVp and 50 kVp in 5 kVp increments 
and copper filtration with a thickness of 0.1 mm were investigated.  Each case was 




IPEM Report 78 were filtered with 0.8 mm of beryllium and 2.0 mm aluminum to 
account for the inherent filtration from the x-ray tube used in the lab.  The cylindrical 
phantom was rotated in 1.2° increments over 360° to obtain 300 projection images.  
1010 photons were simulated per projection view for each case.   
 The projection images were used in an FDK filtered back projection 
reconstruction algorithm52, 53 to generate a 1000 x 1000 x 30 reconstructed volume 
with a pixel size of 0.1448 mm and 1 mm slice thickness.  For each cylindrical insert, 
a 30 x 30 pixel ROI was selected within the insert.  The same size uniform 
background region used as noise in the calculation of the CNR was selected to be the 
same radial distance from the center as a given insert.  The CNR was only calculated 
on slices that fully contained the inserts in the reconstructed volume.  The CNR 
values from all relevant slices were averaged.  This value was squared, and 
normalized by the total energy deposited in the given insert to obtain the DE for that 









7.3.1.1 Monoenergetic calculations 
The results from the mono-energetic calculations are shown in Figure 7.3.  
Each of the curves represents the photon fluence required to maintain an arbitrary 
SNR at different photon energies for different breast thicknesses.   
 
 
Figure 7.3: Monoenergetic calculation illustrating the photon fluence required to 
maintain a constant SNR given a 100% fibroglandular target embedded in a 50% 
fibroglandular/50% adipose breast tissue background of various thicknesses. 
 
For photon energies less than 30 keV, there is a sharp decrease in the required 
fluence, down to a minimum value that occurs at increasing energy as  breast 
thickness increases.  Beyond this value, however, the required fluence increases more 
slowly, indicating that there is a large range of energies that can produce a reasonable 
SNR without increasing the dose to the patient by large factors. 
 
7.3.1.2 Polyenergetic calculations 
The computations from the poly-energetic spectra are shown in Figures 7.4 




various thicknesses, ranging from 0 - 0.61 mm.  The DE metric peaks between 33 and 
40 kVp for all thicknesses of the neodymium filter. Since the k-edge of the lanthanide 
filters ranges between 38 and 43 keV116, these filters will act as regular beam-
hardening filters with tube voltages lower than 40 kVp. This trend is also seen with 
other lanthanide filters of various thicknesses as well as copper filtration.   
 
 
Figure 7.4: Dose efficiency vs. tube voltage for a neodymium filter of various 
thicknesses. 
 
 The differences between the lanthanide filtration and the copper filtration can 
be seen between the tube voltages of 40 – 60 kVp. In this range, the DE is fairly flat 
for neodymium filter thicknesses greater than 0.23 mm.  As the tube voltage is 
increased beyond 60 kVp, the DE metric decreases.  Again, this trend was seen with 
other lanthanide filters.  In comparison, the DE metric with copper filtration decreases 
with increasing tube voltage for all filter thicknesses.   
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A plot of the power required to obtain a CNR equivalent to that of a 50 kVp 
beam versus the DE for the neodymium filter is shown in Figure 7.5.  Each curve 
represents a different breast thickness, ranging from 10 cm to 18 cm.  The DE value 
at the optimal kVp was used for each filter thickness in this plot.  Each point on the 
curve denotes a specific filter thickness, starting from 0 to 0.61 mm.  From this plot, 
the dependence of DE on power limitations can clearly be seen.  With lower filter 
thicknesses, the power requirements remain low.   As the filter thickness increases, 
the power requirement increases.  The fourth data point in the power vs. DE plots for 
each lanthanide filter, corresponding to a thickness of 0.23 mm for the neodymium 
filter, appears to be the transition point from slow increase to rapid increase.  Similar 
trends are seen for various other lanthanide filters and also copper filtration.   
 
Figure 7.5: Power required to obtain the CNR of a 50 kVp beam as a function of dose 





7.3.2 Simulation analysis 
The projection images acquired with or without a bowtie filter, and with 
various tube voltages, and 0.1 mm copper filtration were reconstructed and analyzed 
to determine the DE metric as a function of radial position. 
 Figures 7.6 and 7.7 show the DE metric as a function of position and tube 
voltage with and without bowtie design #2 using 0.1 mm Cu.  Both the primary and 
primary + scatter projection images were used to reconstruct a 3D volume, and used 
to compute the DE metric as a function of position.   
As the tube voltage increases, the DE metric also increases.  For both the 
primary and primary + scatter data sets, the inclusion of the bowtie filter increases the 
DE value for most positions at different tube voltages.  The DE value also appears to 
be more consistent as a function of position when bowtie design #2 is used. 
 
 
Figure 7.6: DE metric calculated from simulation data both with and without bowtie 
design #2 for various tube voltages.  The DE was calculated using the reconstructed 
volume from the primary only projection images.  The flat filter used in these data 






Figure 7.7: DE metric calculated from simulation data both with and without bowtie 
design #2 for various tube voltages.  The DE was calculated using the reconstructed 
volume from the primary + scatter projection images.  The flat filter used in these 
data was 0.1 mm Cu. 
 
 To further investigate the distribution of the DE metric from the center insert 
to the peripheral insert, the percent difference between the center DE value and 
peripheral DE value was calculated for each tube voltage, with and without the 
bowtie filter for the 0.1 mm Cu case.  The results are shown in Figure 7.8. 
 
 
Figure 7.8: Percent difference between the center DE value and peripheral DE value 
with and without bowtie design #2 for various tube voltages using 0.1 mm Cu 
filtration.  (Left) The primary only reconstructed volume was used to compute the 






Without the bowtie filter, the percent difference from the center DE value to the 
peripheral DE value is substantially larger than the percent difference seen with the 
bowtie filter.  This is true for all tube voltages in both the primary only and primary + 




A review of the literature for optimal spectra for dedicated breast CT shows 
inconsistent results.  Several groups determined the optimal spectrum to vary between 
40 and 70 kVp using various filtration.  For these studies, the position of the ROI for 
the DE calculation varied, and these groups failed to investigate how the DE metric 
would change as a function of position.  They also neglected to take into account tube 
loading limitations of the currently available x-ray sources and generators for 
dedicated breast CT.  In addition, none of the studies implemented bowtie filtration in 
the hunt for the optimal spectrum.   
The results from this study presented computational work that examined the 
common FOM for spectral optimization studies, the DE, but also examined a new 
metric that describes the tube loading limitations.  Figure 7.4 shows that for our 
model, the DE peaks between 33 and 40 kVp for the case with a neodymium filter.  
This trend is seen with most of the lanthanide filters as well as copper filtration.  
These tube voltages, although realistic in mammography, are not realistic with the 




between tube voltages of 40 kVp to 60 kVp, an interesting pattern is seen with all the 
lanthanide filters.  As the filter thickness increases from 0 mm to approximately 0.3 
mm, a distinct increase in the DE can be seen in this range.  Beyond a certain 
thickness, however, the DE does not significantly change.  As shown previously, 
increasing the filter thickness will increase the monochromaticity of the incident 
beam, but Figure 7.4 shows that there is very little benefit to using more filtration in 
terms of the DE.  These results and the results from the mono-energetic calculations 
led to the conclusion that the optimal spectrum is limited by tube loading (power) 
constraints. That conclusion was further strengthened when looking at Figure 7.5 
showing the PCNR as a function of the maximum DE for each filter thickness.  
One limitation of the computational study is the calculation of the dose as the 
difference between the incident energy fluence and the transmitted energy fluence 
through the breast model.  In order to make these computations more accurate, a 
database providing the dose deposition through the phantom model could be created 
as a function of photon energy.22, 44  
The simulation results investigated the DE distribution both with and without 
bowtie design #2 (BeO/B4C).  For nearly all cases, which consisted of different tube 
voltage, filter type and filter thickness, the use of the bowtie filter improved the 
magnitude and uniformity of the DE metric for different radial positions in the 
uniform cylindrical phantom.  These results show that with the use of a bowtie filter, 
the DE can be optimized independent of position in the phantom.   
The percent difference between the center and peripheral DE values with the 




filter.  In Monte Carlo simulations, it is possible to collect projection images with no 
scatter contamination and use those images in a reconstruction algorithm.  The left 
plot of Figure 7.8 examines the percent difference in the DE for glandular inserts 
from center to periphery for the scatter-free case.  The bowtie filter case is more 
efficient in providing a uniform DE distribution for this scatter-free case, but this is 
an unrealistic scenario in clinical and experimental applications.  Although there are 
several correction and reduction techniques to alleviate the issue of scatter 
contamination, a perfectly scatter-free case as the one achieved in Monte Carlo 
simulations is not possible.  Therefore, it is more informative to look at the right plot 
of Figure 7.8: the primary + scatter simulation.  When scatter is included in the 
simulation, there is a greater difference between the uniformity achieved with and 
without a bowtie filter since the inclusion of scatter increases the variation in DE 





Chapter 8: Future work 
 
 
8.1 Experimental validation of bowtie design #2 and optimal spectrum determination 
 
Experimentation was done with bowtie design #1 (Al) and bowtie design #3 
(PMMA) to validate the design outcomes and evaluate the results given parameters 
that differ from that of the standard breast.  It was stated that bowtie design #2 
(BeO/B4C) could not be realized in a physical form due to limitations in cost and 
fabrication difficulties.  Future work could include fabrication of this bowtie filter 
design and further experimental validation and evaluation.   
 In Chapter 7, a simulation framework was laid out for the determination of the 
optimal spectrum in dedicated breast CT with the use of bowtie filters.  It was 
determined computationally that the optimal spectrum may be in the mammography 
range, but this was not able to be tested experimentally.  The Varian G1582BI x-ray 
tube utilized in experiments could not operate below 40 kVp.  Furthermore, at 40kVp 
the emission is space-charge limited, meaning that increases in the filament current 
will not produce increases in the tube current.  Recently, Varian Medical Systems 
introduced a new x-ray tube technology specifically designed for dedicated breast CT 
and other mammography-related imaging.118  This new tube technology is capable of 




the optimal spectrum over the range of tube voltages tested computationally and in 
simulations can be realized. 
 
8.2 Design and implementation of an anthropomorphic bowtie filter 
 
A few groups have designed bowtie filters for dedicated breast CT with varying 
design goals.  All designs, however, have used the simplifying assumption 
representing the breast as a cylindrical object.  This alleviates the need to vary the 
bowtie filter thickness in the z-direction since the xy-plane cross-section of a cylinder 
is the same for all z values.  This assumption is not clinically accurate as the pendant 
breast more closely resembles a half ellipsoid5 with a varying xy-plane cross section 
as a function of z.  Using the bowtie filters designed for a cylindrical object on a half-
ellipsoidal object will not provide the dose reduction and image quality improvements 
shown in this dissertation for all xy-planes.  By using a half-ellipsoid shape as the 
standard breast and determining the variation in the cross-sectional diameter as a 
function of z, an anthropomorphic bowtie filter could be designed.   
 Chen and Ning represented the breast as a half-ellipsoid with three half-axes 
equal to r, r, and 2r, where r is the radius of the breast.5  The half-ellipsoidal shape 



















In this equation, xc, yc, and zc denote the center of the ellipse.  Since the shape of the 
breast is rotationally symmetric using this model, one plane can be investigated to 
determine the relevant cross-sectional diameters.  If we look at only the xz-plane and 
assume that y = 0, then the equation describing the half-ellipsoid simplifies to the 
equation of a circle. 
There are two conditions to consider when designing the anthropomorphic 
bowtie filter using the previously presented methodology in this dissertation: the fan-
beam case (a simplified case) and the cone-beam case.  Both cases will result in 
different values of the cross-sectional diameter as a function of z.  The two cases are 
illustrated in Figure 8.1.   
 
Figure 8.1: Ray traces through the half-ellipsoidal shape representing the pendant 
breast for the (A) fan-beam case and the (B) cone-beam case from a point source 73.5 
cm away from the center of the breast.  Each plot shows the half-ellipsoidal shape in 
the xz-plane.   
 
 To develop the initial framework needed for such a design, an 
anthropomorphic bowtie filter was designed assuming the fan-beam case for bowtie 
design #3.  The three axes of the half-ellipsoidal breast shape were assumed to be 7, 




breast.  For the purposes of the bowtie filer design, the SFD was assumed to be 16.25 
cm.  For each z position, the path length through the cross-section was determined for 
all fan-angles from -5.4° to 5.4°.  These path lengths were then used to determine the 
necessary filter thickness needed to achieve the same effective attenuation coefficient 
through the center of the breast phantom at z = 0 for every z position.  The 3D plot in 




Figure 8.2: 3D plot of an anthropomorphic bowtie filter of design #3 assuming a fan-
beam geometry.  The different colors represent the filter shape for a given z position. 
 
 Although an initial design of an anthropomorphic bowtie filter has been 
presented, there are several analyses that would need to be done to investigate the 
benefits of such a design.  The geometry shown in Figure 8.2 could be converted to 
geometry in the Monte Carlo PENELOPE environment to conduct simulations of x-
ray transport in a dedicated breast CT set-up, with and without the anthropomorphic 




between the anthropomorphic bowtie filter case, regular bowtie filter case, and no-




8.3 Noise characterization and lesion detectability 
 
The ability of each bowtie filter to improve the noise uniformity from the center 
of a cylindrical phantom to the periphery was established in this dissertation.  Due to 
the clinical importance of noise uniformity in low contrast detectability, the inclusion 
of bowtie filters in the imaging scheme of dedicated breast CT may substantially 
improve specificity and sensitivity of the device.  The noise UI used to in this 
dissertation, however, is a limited metric of noise characterization since it is based on 
the standard deviation or variance of the pixels in the image.119, 120  While the 
variance is easy to calculate, it may not fully reflect the impact that noise will have on 
certain diagnostic tasks.119  The noise power spectrum (NPS) under the assumption of 
noise stationarity is a more powerful metric for characterizing the noise in the 
acquired CT images since it is able to account for correlations119, 121 and also predict 
detection performance.122, 123  Future work would focus on the inclusion of a more 
complete analysis of the noise with and without the different bowtie filters using the 
more informative metric, the NPS.   
 As a starting point, the NPS was calculated from simulated projection images 




algorithm both with and without bowtie design #1 (Al), bowtie design #2 (BeO/B4C), 
and bowtie design #3 (PMMA). The reconstructed volume contained isotropic 0.1448 
mm3 pixel voxels with 500 slices.  Three different regions in the reconstructed 
volume were extracted and used to compute the location-dependent NPS.  Figure 8.3 
shows the 40 x 40 pixel ROIs extracted from each of the 500 slices in the 
reconstructed volume.   
 
    
 
Figure 8.3: A single slice from the reconstructed volume used to compute the 
location-dependent NPS.  The blue squares labeled R1, R2, and R3 show the regions 
extracted from each slice for the NPS analysis. 
 
 The NPS was calculated for each slice, and the results were averaged to 
decrease the uncertainty.  For a given slice and region, the mean pixel value was 
subtracted from all pixels in the region.  A Hann window was applied to reduce the 
spectral leakage.124  The averaged 2D NPS from each region for the bowtie/no-bowtie 




Figure 8.4 shows the 2D NPS with and without bowtie design #1 (Al).  Both 
with and without the bowtie filter, there is evidence of different directionality in the 
noise images depending on the location.  R1, R2, and R3 show vertical, isotropic, and 
horizontal noise structure, respectively.  Similar results were seen in a previously 
reported study.112, 119, 125  The difference in directionality is due to a difference in the 
number of photons traveling through the designated regions at different acquisition 
(gantry) angles.  If the reconstructed image in Figure 8.3 represents the top-view of an 
object being imaged with the x-ray source some distance away along the line y = 500, 
the number of photons traveling through R1 would be less than the number of 
photons traveling through R3.  This would cause the 2D NPS to have higher 
amplitude in the y-direction, as seen in the first plots in Figure 2.  When the source is 
rotated 90° such that it lies some distance away along the line x = 500, the situation 
reverses and more photons travel through R3, causing an increase in the 2D NPS 
amplitude in the x-direction.  The same number of photons travels through R2 
independent of the gantry angle, so the 2D NPS is isotropic in this region.  Between 
the bowtie and no-bowtie filter cases, the magnitude of the NPS does not vary greatly, 
but we do see trending toward a more isotropic noise structure with the inclusion of 







Figure 8.4: Location-dependent 2D NPS with and without bowtie design #1 (Al).  
The bowtie/no-bowtie filter cases are each plotted on the same scale. 
 
 Figure 8.5 shows the 2D NPS with and without bowtie design #2 (BeO/B4C).  
The no-bowtie filter case shows evidence of directionality differences in the different 
regions for reasons previously stated.  With the inclusion of bowtie design #2, 
however, the 2D NPS in all regions become isotropic, with slightly larger magnitude 
in the peripheral regions.  Similar results were shown by Wunderlich and Noo126 in 
their work on image covariance and lesion detectability.  With the inclusion of a 
bowtie filter, it was shown that the correlation coefficient remains fairly symmetric, 
independent of location in the image.  The removal of directionality differences for 







Figure 8.5: Location-dependent 2D NPS with and without bowtie design #2 
(BeO/B4C).  The bowtie/no-bowtie filter cases are each plotted on the same scale.   
 
Figure 8.6 shows the 2D NPS with and without bowtie design #3 (PMMA).  
Very similar results seen with bowtie design #1 (Al) are seen here.   
 
 
Figure 8.6: Location-dependent 2D NPS with and without bowtie design #3 
(PMMA).  The bowtie/no-bowtie filter cases are each plotted on the same scale.   
 
 These results are encouraging and informative, but many more analyses on 




the 2D NPS in the x-y plane of a cylindrical, uniform phantom.  With the design of an 
anthropomorphic bowtie filter, simulations and experiments could be done evaluating 
the NPS as a function of position in the z-direction as well.  Several groups have 
developed methodology to investigate the 3D NPS,121, 125, 127 but none have 
investigated the effects of bowtie filtration with the specific design traits of the 
bowtie filters presented in this work.   
 In addition to noise characterization, the effect of our bowtie filter designs on 
lesion detectability of various types of lesions (isotropic vs. anisotropic, etc.) could be 
investigated as a function of radial distance and z-direction for an anthropomorphic 
phantom.  Wunderlich and Noo performed area under the curve (AUC) analyses for a 
binary detection task of a lesion in various radial locations with and without a bowtie 
that was designed to perfectly equalize the attenuation of the object.126  Their results 
indicated that the inclusion of a bowtie filter provides uniform AUC values as a 
function of radial distance compared to substantial increases in the AUC as a function 
of radial distance from the center.  The bowtie filter used in the Wunderlich and Noo 
study is similar to bowtie design #2 (BeO/B4C), but a thorough investigation of all 
three bowtie filter types should be completed.  Additional work on the comparison of 
two methods to calculate the SNR showed that signal transfer could be affected by the 
change in the point spread function (PSF) for larger distances from the center of a 
cylindrical phantom.112  An investigation of how this PSF changes as a function of 
radial position with and without the bowtie filter may also be of interest since this 





Chapter 9: Conclusions 
 
 
Dedicated breast CT is an emerging technology that can alleviate the issue of 
tissue superpositioning that arises from acquiring a two-dimensional image of a three-
dimensional object.  Given the relatively symmetric shape of the breast and 
homogeneous tissue composition compared to other regions of the body, dedicated 
breast CT is a prime candidate for bowtie filter implementation.  In this dissertation, 
three bowtie filters that all provided different outcomes were designed and 
extensively validated and evaluated.  Integration of these bowtie filters into the hunt 
for the optimal spectrum was also done through means of Monte Carlo simulation. 
The theoretical basis of each bowtie filter design was described.  For each 
bowtie filter, a computational model was created and used in Matlab programming to 
validate and evaluate the design against variations in the design input parameters, 
such as breast diameter, breast composition, and tube voltage.  The plots of the HVL, 
transmitted energy fluence, and effective attenuation coefficient (all as a function of 
fan-angle) provided validation for each design.  In looking at varying design input 
parameters using the bowtie filter designed for a specific standard breast, results 
showed the designs to be robust, with the largest variation occurring with different 
breast diameters. 
To obtain a more realistic understanding of the behavior and benefits of 
implementing these bowtie filter designs into dedicated breast CT imaging scheme, 




done.  Cylindrical phantoms of various diameters were created in the PENELOPE 
geometry environment, as well as each bowtie filter evaluated computationally.  
These simulations allowed us to look at the beam hardening artifacts, dose 
distribution, noise homogeneity and CNR homogeneity for each bowtie filter.  A 
more in-depth analysis of the scatter characterization using each bowtie filter and an 
analysis of the trade-offs between using different materials for each bowtie filter type 
was also done using simulations.   
Physical prototypes of two of the three bowtie filters were fabricated.  This 
allowed us to validate the designs experimentally.  Using radiation field mapping 
techniques and reconstructed volumes of projection images, the design goals of the 
bowtie filters were validated and evaluated.  The experimental results show that the 
designs are robust against variation in design input parameters.  Scatter measurements 
were also done using a beam-block method to show the reduction in scatter with the 
use of our bowtie filters. 
Based on these computational, simulation, and experimental results, we were 
able to show that the inclusion of these bowtie filters in the dedicated breast CT 
geometry can reduce scatter contamination, provide uniform dose and noise 
distribution, generate CNR homogeneity, and address the issue of beam hardening. 
One design in particular, bowtie design #2, was more consistent in all 
calculated/measured parameters, independent of the material chosen.  For this reason, 
bowtie design #2 was selected to demonstrate the benefit of including bowtie 




The computational results investigating the optimal spectrum demonstrated the 
limiting factor of tube loading in determining the optimal spectrum.  Taking these 
findings into account, an initial simulation study was conducted to develop a 
framework for determining the optimal spectrum in dedicated breast CT and to 
elucidate the benefit of adding bowtie filters to the imaging scheme.  Using various 
thicknesses of lanthanide filtration and copper filtration, and cases both with and 
without bowtie design #2, the DE metric was calculated as a function of radial 
position in a uniform cylindrical phantom.  The initial results showed that the 
inclusion of the bowtie filter created a substantially more uniform distribution of the 
DE metric, and, for some cases, and increase in the magnitude of the DE metric.  
Given the inconsistencies in the reported optimal spectrum from various groups, these 
results indicate that the use of a bowtie filter could provide better, more consistent 
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